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ABSTRACT 
Preparation and Properties of Long Persistent Sr4Al14O25 Phosphors 
Activated by Rare Earth Metal Ions 
Chairperson of the Supervisory Committee: Professor Takanori WATARI 
Department of Energy and Materials Science, Saga University 
This work comprises of several aspects of phosphor materials, especially, strontium 
aluminate phosphor activated with rare metal ions. The 1st chapter gives a brief and general 
background of phosphor materials, its synthesis methods and underlined phosphorescence 
mechanisms. 
In 2nd chapter, long persistent Sr4Al14O25:Eu2+/Dy3+ blue-green phosphor was 
prepared by solid state reaction method. The effect of synthesis parameters like calcinations 
temperature and time, calcinations environment and effect of additives like addition of 
boron and rare earth ions (Eu2+, Dy3+) were studied in detail. When the phosphor was 
prepared adding 4 mol% H3BO3, it showed dense microstructure composed of pure 
Sr4Al14O25 phase showing higher emission intensity. But in the samples containing less than 
3.5 mol% H3BO3, mixed phases consisting of Al2O3, SrAl12O19 and SrAl2O4 were observed, 
while if higher H3BO3 content (8 mol%) was used, SrAl2B2O7 phases predominated. The 
phosphor showed blue-green emission centered nearly at 500 nm. However, the emission 
maxima and its intensity depend on the Eu2+ and Dy3+ concentrations. Both the initial 
intensity and afterglow duration increased and reached maximum at 4 at% Eu2+ and 8 at% 
Dy3+, respectively, and then decreased above that value. The decay curve fitting results 
revealed that the phosphor with the aluminium to strontium ratio (Al/Sr) of 3.7 has deeper 
trap depths and hence showed the longer afterglow duration over other compositions. 
Addition of 3 mol% Ag+ as charge compensator effectively enhanced the brightness of the 
phosphor. Substitution of part or whole of strontium sites by calcium or barium ions can 
effectively monitor the emission light color and CIE values of it. When 0.7 to 0.8 mole 
fraction of strontium was substituted by calcium, a bluish white luminescence was observed, 
however the persistent white afterglow achieved was very short. Use of γ-alumina of 
0.05µm size as a raw powder during the synthesis of phosphor was found to be effective for 
the formation of regular particles with smaller particles size over other alumina type and 
showed better photoluminescence characteristics.  
In chapter 3, the Sr4Al14O25:Eu2+/Dy3+ phosphor was synthesized by solid state, 
solution combustion and sol-gel reaction methods. Their microstructures variation and its 
effect on the photoluminescence properties were studied. X-ray diffraction (XRD) patterns 
revealed that the same Sr4Al14O25 phase was formed irrespective of the synthesis method 
used. Scanning electron microscopy (SEM) observations showed that regular morphology 
and fine particles were achieved by sol-gel and solution combustion methods at lower firing 
temperatures. Obviously, much bigger, agglomerated particles with higher crystallinity can 
be obtained by solid phase method at high calcination temperature. The photoluminescence 
properties were found to be dependent on the firing temperature. However, even at the same 
firing temperature, solution combustion samples showed better photoluminescence 
properties. 
In chapter 4, Cr3+ doped Sr4Al14O25: Eu2+/Dy3+ persistent phosphor was synthesized 
by cheap, easy and efficient combustion method. Persistent phosphorescence in blue-green 
(495nm) by Eu2+ emission and in red (695 nm) by Cr3+ emission was observed in this 
phosphor. The persistent time for blue-green emission was over 10 h but for red emission, it 
was comparatively short. Red phosphorescence was evinced through the persistent energy 
transfer from Eu2+ to Cr3+, converting the blue-green emission to the red. The energy 
transfer rate increased on increasing the Cr3+ ions concentration and reached optimum at 4 
at%. Comparative results revealed that the relatively regular morphology, smaller particle 
size and narrow size distribution can be achieved for the phosphor synthesized by the 
combustion method.  
In chapter 5, Sr4Al14O25:Sm3+ phosphor was prepared by high temperature solid state 
reaction method. UV-visible absorption and photoluminescence emission spectra were 
investigated for the phosphor at different annealing temperatures and various doped 
concentrations of Sm3+ ions with different amount of H3BO3 as a flux. The phosphor 
showed the orange-red emission consisting of several peaks due to transition from 4G5/2 
level to the 6H5/2, 6H7/2, 6H9/2 and 6H11/2 levels of Sm3+ ion. The emission intensity of Sm3+ 
ions in the Sr4Al14O25 host largely enhanced with the amount of flux, concentration of 
dopant (Sm3+) and addition of some trivalent metal ions. The maximum intensity was 
observed in the phosphor prepared using 3.5 mol% boric acid as a flux, 2 at% of Sm3+ as a 
activator and 4 at% Bi3+ as co-activator at 1350oC. The detail conclusions are summarized in 
chapter 7.  
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Chapter I 
 
General Introduction 
1.1. Phosphor Terminology 
The term Phosphor was invented in the early 17th century in Italy by an alchemist 
Vincentinus Casciarolo [1]. He fired a heavy crystalline stone with a gloss at the foot of a 
volcano to obtain a novel metal. Instead, he found that the sintered stone emitted red light in 
the dark after exposure to the sun light. From the knowledge now known, the stone was 
BaSO4 and the fired product was BaS (BaSO4 + 2C → BaS + 2CO2) which is now known to 
be a host for phosphor materials. Later phosphor developments occurred in 1768 when 
Canton obtained CaS and then in 1866 when Sidot formed the first ZnS, green emitting 
luminescent material. An understanding of the luminescence from these materials begin in 
1886 when Verneuil proved that pure CaS did not luminance and a trace of Bi was 
necessary for light emission. Later, it was found that a trace of Cu was necessary for 
emission from green ZnS and Cr for red BaS. 
Literally, the term phosphor means “light bearer”. In general, a phosphor is a solid 
that converts certain types of energy into electromagnetic radiation over and above the 
thermal radiation [1]. The word Phosphorescence, which means persistent light emission 
from a substance after the excitation source is ceased, was also derived from the word 
phosphor. The term Fluorescence was introduced to denote the imperceptible short 
afterglow of the materials after excitation. This is to distinguish the emission from the 
phosphorescence which is used to denote a long afterglow [2-3]. The term fluorescence and 
phosphorescence had created controversy centered on the duration of the afterglow after 
excitation was ceased. But, in the modern usage, light emission from a substance during the 
time when it is exposed to excitation source is called fluorescence whereas the afterglow if 
detected by the human eye after the cessation of the excitation is called phosphorescence 
(The term is different in organic molecules where light emission from singlet and triplet 
excited states are called fluorescence and phosphorescence, respectively). The term 
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Luminescence, which includes both fluorescence and phosphorescence, is defined as a 
phenomenon in which the electronic states of substance is excited by some kind of external 
energy and the excitation energy is given off as light of various wavelengths [1].  
1.2. Fundamental of luminescence 
A phenomenon of emission of light by certain materials after exposure of it to the 
excitation source is called luminescence.  Depending on the type of excitation sources, 
luminescence is broadly classified as: Photoluminescence is excited by electromagnetic 
radiations, Cathodoluminescence by energetic electrons, Electroluminescence by electric 
voltage, Chemiluminescence by the energy of chemical reaction and Triboluminescence by 
the mechanical energy [2-3]. In this dissertation, we concern especially on the 
photoluminescence and hence the other types of luminescence will not be discussed onward. 
                    
Fig. 1.1. (a) Luminescent ion A in the host lattice, EXC: excitation, EM: emission, Heat: 
non radiative return to ground state and (b) Schematic energy level diagram of the 
luminescent ion A in the host lattice. 
Figure 1.1 represents a simple luminescence system. In this system, the exciting 
radiation is absorbed by the activator ion (A), raising it to the excited state (A*). The excited 
state either returns to the ground state by the emission of the radiation, called luminescence 
or non-radiative return to the ground state by transferring energy to excite the vibrations of 
the host lattice, i.e. to heat the host lattice. For example, in case of ruby (Al2O3:Cr3+), Al2O3 
is a host, Cr3+ is an activator or luminescent center. The excitation energy is absorbed by 
A
Heat
EXC. EM.
(a)
S
S*
A1
*
A2
*
A
E.T.
hv'hv
(b)
3 
 
Cr3+ and excited to (Cr3+)* transient state and it radiate to the red region of the spectrum 
producing red color in the dark. 
In many luminescent materials, the situation is more complicated because the 
activator either does not absorb the excitation energy itself, or the absorbed energy is 
transferred to the neighboring luminescent centers as shown below: 
Eu3+ + hν  (Eu3+)*     (1.1) 
(Eu3+)* + Cr3+   Eu3+ + (Cr3+)*    (1.2) 
(Cr3+)*    Cr3+ + hν′     (1.3) 
The equations above indicate absorption, energy transfer and emission, respectively. 
1.3. Long Persistent Phosphor 
Long persistent phosphors are phosphors that have very long afterglow emission or 
phosphorescence, in some cases even longer than a whole day. Afterglow is caused by 
trapped electrons or holes produced during the excitation. Long persistent phosphors are 
also called long lasting or long afterglow phosphors. 
The mechanism of long persistent phosphorescence can be explained in term of three 
level energy diagrams including a ground state, an excited state and a metastable trapping 
state for the active electron as simplified in Fig. 1.2. The detail mechanism of long persistent 
phosphorescence will be discussed later in section 1.3.2.  
Phosphorescence life times are usually longer than the life time of excited state and 
depend on the trap depth and trapping de-trapping rates. Fluorescence, on the other hand, is 
based on the two level electron transition mechanisms, which includes a ground state and an 
excited state. The decay time of fluorescence depends on the transition strength between the 
two states. 
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Fig.1.2. Three level model showing the mechanism of long persistent materials. Ct and Cd 
are the trapping and de-trapping rates, respectively and A and B are the excitation and 
emission rates, respectively. 
Phosphorescence can be classified by its life time as: Very Short Persistent 
Phosphorescence (VSPP) that has life time of the same order of magnitude as the life time 
of excited state, i.e. in the order of milliseconds, and it is associated with very shallow traps. 
Some examples are scintillates. Short Persistent Phosphorescence (SPP) that lasts for 
seconds and generally becomes noticeable to the human eyes. Most phosphor show short 
persistent phosphorescence after they are exposed to the UV, visible light, plasma beam, 
electron beam or X-rays. Persistent Phosphorescence (PP) that lasts for minutes and it is due 
to the deep traps in the materials. These traps hold electrons or holes for some shorts of time 
and release thermally. Long Persistent Phosphorescence (LPP) that shows life times in the 
order of tens of minutes or hours. Some example of long persistent phosphors are, 
SrAl2O4:Eu2+/Dy3+, Sr4Al14O25:Eu2+/Dy3+, CaAl2O4: Eu2+/Nd3+ etc. In this dissertation we 
are mainly focused on these long persistent phosphors. 
1.3.1. History of long persistent phosphors 
The first reported instances of light emission from materials entitled persistent 
phosphorescence, different from radiation stimulated phosphors, was Bolonga Stone (BaS) 
and appeared in 1609 [4]. More recent development in long persistent phosphors dated to 
early eras of last century. ZnS based phosphors, such as ZnS:Cu+, were found to have 
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persistent times as long as 40 minutes [5]. The effect of co-doping were also investigated for 
example, co-doping ZnS:Cu+ with Co2+ doubled the  persistent time of the phosphor [6]. 
The next generation of long persistent phosphors compromised the alkali earth 
sulphides, such as CaS, and SrS. These phosphors, known as Lenard’s phosphors [7], 
activated with various dopants such as Bi3+, Eu2+, Ce3+ etc. exhibited long persistency over 
hours. These phosphors can be excited by sunlight showing versatility in applications. 
However, the applications of these sulphide based phosphors were limited due to chemically 
unstable and released H2S when exposed to moisture [8].  
In 1990s, Matsuzawa reported a new type of long persistent phosphor, 
SrAl2O4:Eu2+/Dy3+, with a strong emission centered at 520 nm (green) [9-10]. The persistent 
time of this SrAl2O4:Eu2+/Dy3+ phosphor was found to be longer than 16 h. After a short 
time, a new similar long persistent phosphor CaAl2O4:Ce3+/Nd3+ was reported emitting at 
420 nm (dark-blue) [11]. Later, Sr4Al14O25:Eu2+/Dy3+ phosphor was developed showing 
extremely prolonged blue-green (495 nm) phosphorescence that lasts over 20 h [12-13]. 
These phosphors drew considerable attention because of their ability to persist overnight, 
chemical stability, wide range of excitation, high quantum yield etc. and opened prospect of 
various applications [14-15]. 
Recently, the long persistent phosphor research is concentrated in two directions. 
The first is in the identification of trapping-de-trapping mechanisms of the long persistent 
phenomena following the improvements on the persistency of the existing phosphors [16-
18]. The second is in the development of new long persistent phosphor materials providing 
coverage through the visible spectrum, the long persistent phosphor with the red color is of 
particular interest. In the first direction, systematic study on the alkaline earth aluminates 
doped with Ce3+ or Eu2+, for example, have led to the conclusion that trapping-de-trapping 
mechanisms are closely related to the electrons delocalization processes [19-20]. Many long 
persistent phosphors have been developed recently such as alkaline earth aluminates doped 
with Eu2+, Ce3+, Tb3+, Mn2+  [21-24], alkaline earth silicates and oxysulphides doped with 
Eu2+, Er3+, Eu3+, Ti4+ and Mg2+ [25-27], nitrides and oxy-nitrides [28-29], phosphates [30], 
halides [31], and so on.  
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Although many new phosphors have been developed recently, only a few can be 
excited under natural light like sunlight. The issue of convenient excitation source is very 
important and actually limits the applications of long persistent phosphors. Many novel 
methods in the synthesis have been developed to produce persistent materials. These 
methods mainly includes, preferential co-doping with various ions to create electrons or hole 
traps, co-doping ions to create defect related electron traps, and introducing sensitizers for 
persistent energy transfer. 
It has been generally accepted that long persistent phosphor results from intrinsic 
traps or intentionally induced traps or from both. Generally, the traps can be divided into 
two groups, electron traps that capture electrons below the conduction band and hole traps 
that capture holes above the valence band. Some traps appear as defect in the host materials, 
F centers and V (vacancy) centers in crystals are of typical of these types of defects [32-33]. 
These centers are usually generated by charge compensation requirements to maintain 
neutrality of a host. For example, in CaAl2O4:Nd3+ phosphor, Nd3+ ions occupy Ca2+ sites. 
Due to the necessity of charge compensations, three Ca2+ ions are replaced by two Nd3+ ions 
and results Ca2+ vacancy (V2+ center). The net negative environment at this site is capable of 
trapping a hole. Instead, in CaS:Bi3+ phosphor, if 2Bi3+ ions replaces 3Ca2+ ions (Bi2S3-
3CaS), then interstitial ions are needed to maintain the neutrality. In this case, the resulting 
net +2 charge environment will be able to trap electrons. In CaAl2O4:Nd3+ phosphor, 
addition of charge compensators like Na+, Ag+ etc. ions significantly reduce the number of 
defect centers. When Na+ ion and Bi3+ ion replace two Ca2+ site (NaBiS2-2CaS), the like 
hood of charge related defect centers is reduced so that persistent time is reduced 
significantly [34]. 
Another example of defect trapping centers occurs in SrAl2O4:Eu2+ phosphor. 
Stoichometric SrAl2O4:Eu2+ phosphor does not evince any persistent afterglow. If Dy3+ is 
co-doped into SrAl2O4:Eu2+ phosphor, very long persistent afterglow is observed [21]. The 
traps may be created intrinsically or by introduction of specific dopants. Defect related traps 
are easy to be produced in host materials that have complicated crystal structures. Ionic size 
difference can also produce traps by creating dislocation and other strain related defects. 
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Another way of producing defect is non stoichometric composition of host or addition of 
some fluxes [35-36].  
In many co-doped trapping centers, with the optical excitation, the dynamics of 
excited ions can be such as to create meta-stable states which properly belong to dopant ions 
in modified valance states, for example, (Dy4+)* in SrAl2O4:Eu2+/Dy3+ and (Tm2+)* in 
CaS:Eu2+/Tm3+ phosphors [10, 37]. These meta-stable states can also acts as trap centers 
since their electronic structures differs from that of normal dopant ions. The excited 
electrons or holes do not modify the bonding situation of the dopants, they are just 
represented by (Dy4+)* or (Tm2+)* where (Dy4+)* = Dy3+ + h+ and (Tm2+)* = Tm3+ +e-. The 
electrons and holes created in such a way are loosely bounded and can be easily detached 
thermally. 
Even though the exact nature of meta-stable ionic states of the codopants is not well 
understood, these states are not simply altered ionic states but are considered more complex 
ionic entities [38]. The existence of hole and hole trapping model is supported by the 
observation of holes in the valence band by Photo-Hall effect [38] and unsymmetrical 
photocurrent experiments [10].  
1.3.2. Mechanism of the long persistent phosphorescence 
The long persistent phosphorescence mechanism of the inorganic phosphors 
activated by rare earth ions have been explained by many researchers in their own views 
supported by some experimental proofs.  For a long time, the explanation of the persistent 
luminescence of rare earth metal activated aluminate phosphors relied on the Matsuzawa 
model as explained in Fig. 1.3 [10]. In this model, it was proposed that in 
SrAl2O4:Eu2+/Dy3+ phosphor, the UV excitation of Eu2+ cations from the ground state (4f7) 
to an excited state (4f65d1) (Eu2+ (4f7) + hν → Eu2+* (4f65d1)), generates a hole in the f 
orbital in the vicinity of  the valence band (VB). This transition is followed by an electron 
capture from the CB leading to the reduction Eu2+* + e− → Eu+. Thus, the hole created in the 
VB migrates through it and get captured by a Dy3+ cation located in suitable depth to form a 
Dy4+ cation, Dy3+ + h+ → Dy4+. It is supposed that the return to the ground state of Eu2+ 
with light emission is triggered by the thermo-activated promotion of an electron from the 
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VB to the first unoccupied levels of Dy4+, followed by the migration of trapped hole to a 
photo-generated Eu+ cation. This model was supported by photoconductivity measurements 
that confirmed the photo carrier is hole [18, 38]. This model was formulated in part to 
accommodate the hole type photoconductivity of SrAl2O4:Eu2+ phosphor under the UV 
illumination founded by Abbruscato [38] and was used to explain the phosphorescence of 
numerous materials for long period of time. However, recent researcher has pointed out that 
the model is based on highly improbable assumptions. First, the reduction Eu2+ + e− → Eu+ 
is highly unlikely (and needs high energy ≥ 4 eV), and so is the oxidation Dy3+ + h+ → Dy4+, 
due to the chemical instabilities of Eu+ and Dy4+ ions. Second, as recently pointed out by 
Dorenbos, the proposed VB → Eu2+* (4f6+5d1) transition leading to the final 4f75d1 
electronic configuration of Eu+ is based on an incorrect concept of a hole state [39]. 
Electronic band structure calculated for SrAl2O4:Eu2+ showed that the Eu d-block lie just 
below the CB bottom and 4f-block of Eu at approximately 3 eV above the VB top [21]. 
These observations definitely do not support the mechanism of Matsuzawa et al. 
 
Fig.1.3. Energy level diagram of the SrAl2O4:Eu2+ phosphor and its co-doped derivatives 
showing energy traps in Matsuzawa’s model. 
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Due to these drawbacks, the Matsuzawa model of long persistent phosphorescence 
was modified by Beauger [40] and then by Aitasalo et al. [41]. In both modifications, it is 
assumed that the UV excitation promotes an electron from the VB to a discrete level of 
unknown origin, while the hole created in the vicinity of VB is trapped by an alkaline earth 
cation vacancy level VCa. Then, the thermal energy (kTRT) allows the transfer of the electron 
from the discrete level of unknown origin to the oxygen vacancy (Vo) located near to it, 
from which recombination takes place towards the VCa level. The energy released is then 
transferred to a Eu2+ ion, which is excited and then de-excited instantaneously leading to 
emission of visible light. The role of co-doped Dy3+ is considered to increase the number of 
cation vacancies and to increase the depth of the existing vacancies. This model is shown in 
Fig. 1.4. 
 
Fig. 1.4. Phosphorescence mechanism of SrAl2O4:Eu2+ and its codoped derivatives proposed 
by Aitasalo et al. Black and red arrows refer to the trapping and the de-trapping processes, 
respectively. 
Recently, EPR measurements of SrAl2O4:Eu2+/Dy3+ phosphor shows that the 
concentration of Eu2+ cation decreases under UV irradiation and increases once the 
irradiation is stopped [42]. This observation does not support the energy transfer process 
proposed by Beauger and by Aitasalo et al. To overcome these defects, F. Clabau et al. 
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proposed a new phosphorescence mechanism [18, 21] which is schematically explained in 
Fig. 1.5. It relies on the facts that (a) the d-block levels of Eu2+ cations partially overlap with 
the bottom of the conduction band (CB) as suggested from electronic band structure 
calculations performed for a hypothetical composition Sr0.75Eu0.25Al2O4, (b) the f7 ground 
state of Eu2+ lies in the middle of the forbidden band gap as suggested by XPS experiments 
[43], (c) the Eu2+ cations can be oxidized under irradiation because both Eu2+ and Eu3+ 
species are stable species in oxides thus the concentration of Eu2+ cations could be changed 
under UV irradiation.  
 
 Fig. 1.5. Phosphorescence mechanism of SrAl2O4:Eu2+ and its codoped derivatives 
proposed by F. Clabau et al. Black and red arrows refer to the trapping and the de-trapping 
processes, respectively (CT = charge transfer state). 
Under these circumstances, F. Clabau et al. assumed the long persistent 
phosphorescence mechanism for SrAl2O4:Eu2+/Dy3+ phosphors as follows [21]: under UV 
irradiation, electrons are promoted from the occupied 4f levels of Eu2+ to the empty 5d 
levels and the CB. Some of these excited electrons are then trapped at the oxygen vacancy 
levels Vo located in the vicinity of the photo-generated Eu3+ cations. Typically, the oxygen 
vacancy levels in the SrAl2O4 would correspond to the empty sp3-orbitals of the Al3+ ions 
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surrounding the oxygen vacancy. The proximity of the activator and its coupled trap is 
proven by the photoconductivity measurement of the SrAl2O4:Eu2+/Dy3+ phosphor under 
UV irradiation [38] which showed an increase from 80 K to 250 K and then a plateau until 
300 K. Consequently, even if de-trapping occurs between 250 K and 300 K, no free charge 
carrier is released. As the thermoluminescence of SrAl2O4:Eu2+/Dy3+ showed a strong de-
trapping at 300 K [43], this suggests that the electron trapping–de-trapping processes do not 
occur via the CB (or at least, the charge carriers do not migrate far away via the CB). The 
thermo-activated radiative recombination at Eu sites induces the characteristic green 
luminescence at 520 nm in SrAl2O4:Eu2+ and SrAl2O4:Eu2+/Dy3+ phosphors. They 
mentioned that in spite of the proximity of the luminescent center with the trap, no direct 
recombination from the electron trap to the oxidized europium cation takes place owing to 
the contracted nature of 4f orbital. 
Formation of an electron or a hole trap by a defect depends on the energy level 
position of these ions within the host band gap [39]. These positions may be determined 
experimentally [11]. As the nature of traps of codopants is not clearly understood, it is 
difficult to determine the exact nature of the traps [8, 39]. Trapping and detrapping of 
electrons or holes are understood to be the principal mechanisms responsible for long 
persistent phosphorescence [22, 41, 44-45].  
The electron trapping mechanisms are usually associated with electron excitation 
and delocalization. Following the excitation of an electron from the ground state to an 
excited state, the electron is delivered to a trap by some mechanism associated with an 
electron. Under normal circumstances, in both the ground and excited states, electrons are 
localized around their parent ions. If sufficient photo-energy is provided to allow the 
electron to reach the conduction band, it becomes mobile and delocalization of an electron 
can occur. This process is called as photo-ionization. If the excited state to which an electron 
is promoted lies just below the host conduction band, phonon-assisted delocalization can 
occur. At finite temperature, electrons can be thermally excited to the conduction band 
where delocalization can occur. This mechanism is called thermal ionization and is much 
weaker than photon ionization. This process will not be strong enough to trap a large 
number of electrons to produce persistent emission. 
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In the case of thermal activation, the detrapping rate A is associated with 
temperature and is given by  
 ܣ ൌ ܵ ݁ି∆ಶೖ೅         (1.4) 
Where, ∆ܧ is the trap depth which is measured from the button of the conduction band, S 
the electron-phonon interaction frequency factor, k Boltzmann’s constant and T is 
temperature. Excited electrons may at times return to the trap, called trapping process. 
Detrapping mechanism becomes complicated if retrapping processes are possible 
[47]. If the retrapping rate is very low or negligible, the decay of afterglow intensity is 
exponential function and given by 
 ܫ ൌ ∑ ܫ௜௡௜ୀଵ ݁ି
∆ಶ
ೖ೅         (1.5) 
Where I is intensity of the afterglow and i refers to the ith trap with trap depth Ei, and n is the 
number of different types of traps in the material. This model is called first order or mono-
molecular reaction mechanism. If the retrapping rate is high, then the decay of afterglow 
intensity is complicated and explained by 2nd order mechanism as given:  
 I = I0/(1+γt)n          (1.6) 
Where Io is the initial afterglow intensity and n is generally less than 2 which is material 
dependent.  γ = N/Ant0, where N is the density of the trap, nt0 the population of the trapped 
electrons at t = 0, and A the trapping rate. 
To study the detrapping mechanisms, afterglow decay curves are usually measured. 
For, systems, with first- or second- order mechanisms, the decay curves can be analyzed by 
the above equations. 
It has been found that the delocalization rate is in the same order of magnitude as the 
electron–phonon relaxation rate (1013s-1) for a d electron in Ce3+ [46]. Delocalization of 
electrons generally happens in the p and d orbital. Due to better shielding, delocalization 
from electrons on the f-orbital does not generally occur even though the f-orbital energies 
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are larger than the d orbital energies. As a result of this, long persistent phosphor with rare-
earth ions can be found only when the electrons are excited to the high energy 5d states. 
1.3.3. Methods to design Long Persistent Phosphor (LPP) 
For the practical applications of long persistent phosphors, persistent time of their 
afterglow emission is always of most interest. However, many other factors like efficiency, 
emission color, quenching effects, chemical and physical stability, reproducibility of 
material preparation and properties, availability of raw materials, environmental aspects, and 
cost factors have to be considered. So far, many methods have been developed to increase 
the persistent time by producing more traps in the host and by increasing trapping-
detrapping efficiency, some of them are discussed below. 
1.3.3.1. Co-doping  
Co-doping ions into the host to serve as trapping centers or to produce defect-related 
trapping centers, is one of the most commonly used method to make long persistent 
phosphors. The persistent time can be substantially increased with the introduction of proper 
co-dopants [10, 14, 33]. Introduction of codopants with different valency produces defects 
because of charge compensation requirements. For example, Cl- ion is doped into CaS to 
replace S2-, Y3+ and Al3+ are doped into CaS to replace Ca2+ [34], Mg2+ and Ti4+ are doped 
into Y2O2S:Eu3+ to replace Y3+ [46, 48].  
Some ions themselves act as trapping centers when they are co-doped into the host. 
These ions usually trap either electrons or holes and changed to metastable ionic states, that 
acts as trap. Nd3+ in CaAl2O4:Ce3+/Nd3+ and Gd3+ in BaAl2O4:Eu2+/Dy3+/Gd3+ are typical 
examples of these types of traps [11]. 
Ions co-doped into the host not only create extra trapping centers but also enhance 
trapping efficiency. Ions with stronger transition rates can pump electrons into the host 
conduction band more efficiently, resulting in larger trap populations. An example is Ce3+ 
doped MgAl2O4 where electrons pumped into the traps through Ce3+ 4f-5d transitions that 
populate traps 30 times more than those populated through host band gap absorption [49]. 
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1.3.3.2. Persistent energy transfer 
 The majority of ions in the 4f and 3d series generally do not show persistent 
phosphorescence so that the color coverage of the emission is limited. A method which 
exploits inter-ionic interaction leading to optical energy transfer has been proposed to 
remedy this situation which entails a process known as persistent energy transfer. In 
persistent energy transfer, the emission center of a known long persistent phosphor is used 
as a donor and the acceptor is chosen based on its color being pursued. The choice of the 
acceptor ion depends on the presence of the absorptions at the donor emission frequency to 
support the emission by the acceptor i.e. the energy transfer can only occur if the energy 
difference between the ground and excited states of donor and acceptor are in resonance 
condition and also suitable interaction of either exchange or electric or magnetic multi polar 
interaction should be possible. In simple words, the donor emission spectra should overlap 
the acceptor absorption spectra. The traps associated with the donor when charged will 
continuously transfer energy to support the emission by the acceptor. In this way, long 
persistence of donor is converted into the long persistence of acceptor at the required 
frequency. This method has been found effective in preparing long persistent phosphors, 
particularly, in the lower energetic regions of the visible spectrum. Some examples of long 
energy transfer are CaAl2O4:Ce3+/Tb3+, CaAl2O4:Ce3+/Mn2+ where at least 10 h long 
persistent afterglow of Ce3+ has been successfully transferred to yield 10 h green Tb3+, and 
yellow Mn2+ afterglow [24]. Similarly, in Sr4Al14O25:Eu2+/Dy3+/Cr3+, the Eu2+ blue-green 
long persistent afterglow has been transferred into Cr3+ red afterglow[50-51]. 
1.3.3.3. Multiple Center Doped Materials 
Another way to obtain long persistent phosphor at desired colors is to mix two or 
more persistent phosphors. However, it can result time dependent emission color changes 
because of the difference of persistence times for each of the components. To overcome this 
difficulty, multiple emission centers can be doped into the same host in the hope that the 
decay times are equalized by the same detrapping mechanism. An example of material 
produced by this method is Eu2+ and Bi3+ doped CaS. A purple color was obtained by 
mixing Eu2+ (red) and Bi3+ (blue) long persistent afterglow emissions. The afterglow color is 
very stable because they have the same afterglow decay mechanism [52].  
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Another method for this purpose is mixing the host component within the single 
dopant. For example, addition of Ca to replace Sr in the SrAl2O4:Eu2+/Dy3+ produce blue 
green afterglow due to mixing of CaAl2O4:Eu2+/Dy (Blue) and SrAl2O4:Eu2+/Dy3+ (Green) 
[53], and substitution of Ba by Sr cause the blue shift in the BaAl2O4:Eu2+/Dy3+ phosphor 
[54].  
1.3.4. Experimental Techniques of Measuring in Long Persistent Phosphors 
To study the persistent mechanism, absorption, excitation and emission spectra, 
thermoluminescence, photoconductivity, and thermal conductivity measurements are 
employed. 
1.3.4.1. Excitation and absorption spectra 
Excitation and absorption spectra measurement for long persistent phosphors in 
ceramics or powder form requires extra care because the trapping and detrapping processes 
are considerably longer than the excitation measurement time. When a large number of 
electrons are being trapped and detrapped during the excitation process, the excitation 
spectrum measured can be distorted. There are two ways to compensate for the trapping 
effect and to obtain correct excitation spectra. One is to use weak excitation source followed 
by deconvolution of the trapping effects. The other is to use a strong excitation source to 
saturate the trapping effects [1-3]. The later is easier and commonly used method. 
1.3.4.2. Thermoluminescence (TL)  
TL measurements provide important information on the nature of the traps in the 
long persistent phosphors. TL records glow intensity as a function of temperature, providing 
information regarding trapping energies and detrapping mechanisms [46]. Generally, 
considering single type of trap, the glow intensity (I) at temperature T is given by: 
 ܫሺܶሻ ן ݊௧଴ݏ݁ି
∆ಶ
ೖ೅  ݁ି ׬ ௦௘ష
∆ಶ
ೖ೅ௗ்/ఉ       (1.7) 
Where, no is the number of electrons in the trap at beginning, ߚ  the heating rate, s the 
frequency factor, and E, the depth of the trap. For rising part of the TL glow curve at low 
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temperature, the number of electrons in the trap remains almost constant, and hence the 
glow intensity is given by: 
 ܫሺܶሻ ן ݊଴ݏ݁ି
∆ಶ
ೖ೅          (1.8) 
 
 
Fig. 1.6. A typical thermoluminescent glow curve of strontium aluminate phosphor showing 
various parameters. 
It is difficult to determine the depth of an electron trap for rise time of a signal, so 
the trap depth of an electron calculated by this method is not accurate. Thus, the trap depth 
is generally calculated using Tm, the peak temperature of the TL glow curves as explained in 
equations below and Fig 1.6:      
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If frequency factor ‘s’ is calculated by other methods, the trap depth can be estimated 
as: 
 ∆ܧ ൌ ൬ ௠ܶ െ ଴ܶ ቀఉ௦ቁ൰ / ܭ ቀ
ఉ
௦ቁ       (1.10) 
More generally, trap depth and its concentrations can be determined by a general 
kinetics method as [55]: 
 ∆ܧ ൌ ൣ2.52 ൅ 10.52൫ߤ௚ െ 0.42൯൧ܭ஻ ௠ܶଶ /߱ െ 2݇ ௠ܶ    (1.11) 
 ݊଴ ൌ ఠூ೘ఉൣଶ.ହଶାଵ଴.ଶ൫ఓ೒ି଴.ସଶ൯൧        (1.12) 
Where, ߱ is sum of high temperature (δ) and low temperature (τ) half widths and ߤ௚ ൌ δ/߱. 
Experimentally, the TL spectrum is obtained by first populating the traps at low 
temperatures. The temperature is then increased at constant speed β, and the glow intensity 
is monitored at selected wave length using a filter or a monochromator. TL peaks in the 
persistent phosphor are only observed when they are exposed to higher energy excitation. 
This is evidence that the trapping mechanism is related to the ionization process of the 
emission centers.  
1.3.5. Methods of Preparation of Long Persistent Phosphors  
1.3.5.1. Solid State Method 
In general, almost all phosphors are synthesized by solid state reaction between raw 
materials at high temperatures. First the high purity materials of host crystals, activator and 
fluxes are mixed and blended to get homogeneous mixture. Then the mixture was fired at 
high temperature in a container. The fired product is then crushed, milled and then sorted to 
remove coarse and excessively crushed particles. The schematic process is summarized in 
Fig. 1.7. 
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Fig. 1.7. Schematic synthetic process of phosphors by solid state reaction method 
There are two different kinds of reactions in phosphor synthesis. In the first method, 
the activator ion is introduced into the existing host materials (ZnS-based phosphors are 
prepared by this technique, where following the particle growth of ZnS host crystal, 
diffusions of the activators into the host takes place). In the second scheme, host material 
synthesis and activator incorporation proceed simultaneously during the calcinations process. 
For example, in the preparation of SrAl2O4:Eu2+/Dy3+ phosphor, Sr(CO3)2, Al2O3, Eu2O3 and 
Dy2O3 along with some B2O3 flux is mixed together and blended to get homogeneous 
mixture. Then it is fired at a suitable temperature of 1300-1500oC in slightly reducing 
environment. SrAl2O4 is formed and Eu2+ and Dy3+ ions are incorporated simultaneously 
into the formed host lattice by replacing one of the host ion. 
During the solid state reaction process, some of the elementary process taking place 
can be investigated by means of differential thermal analysis (DTA), thermogravimetric 
analysis (TGA), crystal structure analysis by X-ray diffraction, microscopic observations 
and chemical analysis. For example, manganese activated zinc silicate phosphor is 
synthesized from ZnO, SiO2 and MnCO3. The DTA studies of the raw materials mixture 
show the ZnO and SiO2 starts reacting at 770oC [58] where the reaction proceed by diffusion 
of ZnO into the SiO2 lattice. The Mn ion is incorporated into the lattice in proportion to the 
amount of synthesized Zn2SiO4. 
In the solid state reactions high temperature firing is indispensable. However, the 
purpose of firing is not only to cause solid state reactions but also to form well crystallized 
particles with an appropriate average diameter. The substance added to the raw material 
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mixture to help crystal growth is called a flux. Fluxes are usually alkali and alkaline earth 
compounds (e.g. LiF, NaCl, KI, MgCl2, BaCl2, CaCl2) or some others like NH4F, NH4Cl, 
NH4I, B2O3 etc. having low melting points [2]. When the fluxes melt, the surface tension of 
the liquid helps particles coagulate. The melt also makes easier for particles to slide and 
rotate providing chance to particle-particle contacts and promotes the particles growth that 
highly lowers the formation temperatures [59]. Not only this, the melt flux helps the added 
activators to penetrate deep inside the matrix and forms homogeneous distribution in the 
matrix. Another important role of the flux is that it acts itself as a source of co-activator or 
trapping centers of electrons or holes. In case of ZnS:Ag+/Cl-, the Cl- co-activator is 
supplied by the flux NaCl [2] and Dy-borates acts as hole traps in the case of 
SrAl2O4:Eu2+/Dy3+ prepared with the aid of B2O3 [10, 60]. 
1.3.5.2. Sol-Gel Method  
Phosphors used for most of the display devices are in the powder form, whose 
quality mainly determines the quality of the display. Fine and uniform powders with 
excellent crystallinity are generally preferred which is possible only by wet chemical 
methods, especially, sol-gel technique. In general, the sol-gel method is a wet chemical 
technique that uses metal alkoxides for the synthesis of ceramics through a series of 
chemical processes including hydrolysis, gelation, drying, and thermal treatment. The metal 
alkoxides are subjected to the hydrolysis. A mixture of water, alcohol and hydrochloric acid 
are added into the precursor metal alkoxides mixture by drop wise. The hydrolysis reaction 
of metal alkoxides with water in the presence of HCl catalyst takes place that produce 
hydroxide of precursors. The reaction can be expressed as follows: 
(OR)3-Si-OR + H2O  (OR)3-Si-OH + ROH  (1.13) 
Where, R stands for alkyl group, CnH2n+1. During the hydrolysis process, the activators and 
co-activators are also added and blended together. 
A sol is defined as a colloidal of solid particles suspended in liquid. A gel, on the 
other hand, is a composite substance consisting of continuous solid skeletal structure, which 
results from the gelation of the sol. The gel obtained is mixed with appropriate amount of 
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flux if needed and grinded to form fine powder. The mixture powder is then subjected to 
thermal treatment at various temperatures according to need of the final phosphor product.  
The sol-gel method owes following overcomes above the solid state method and 
have been using extensively in phosphor research, 
1. Higher homogeneity of the chemical composition in the material product. 
2. High uniformity of doping ions distribution, no local concentration quenching will occur 
because of impurity clustering. 
3. Processing temperature can be very low. This allows the doping of fragile organic and 
biological molecules into porous inorganic materials and fabrication of organic-inorganic 
hybrid materials. 
4. The controlled microstructure (pores and particles distributions). High density materials can 
be produced at high annealing temperature.  
5. By spinning or dipping method, thin films and multi layered coating can be obtained. 
6. Fine, uniform particles can be obtained that reduced the crystal destruction by milling and 
crushing as in solid state methods. 
However, some disadvantages of this method also exist: 
1. For transparent samples, the annealing process should be slow and deliberate, otherwise, 
cracks and striations will appear in the samples. 
2. To remove organic groups completely, high temperature heating above 1000oC is 
required, that may produces undesirable side products. 
3. It is well suited for micro-scale production, but very expensive and unsuitable for mass 
production. 
For the macro-scale production, a salted sol-gel technique (Pechini method) is 
employed, where solutions of various inorganic salts and metal alkoxides are used in 
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combination. In this method of preparation of aluminate phosphor (e.g. SrAl2O4:Eu2+/Dy3+), 
aluminum and strontium nitrates or acetates solutions are mixed slowly together with doping 
metal ions. A small amount of flux (B2O3) is added and stirred vigorously at elevated 
temperature of 80oC till it becomes viscous sol. It was dried to get gel and fired at 500 - 
800oC to remove organics completely. Then the organics free powder is annealed at suitable 
temperature to get final phosphor product. 
1.3.5.3. Chemical Combustion method 
Phosphor of smaller particles and regular morphologies can be prepared by a more 
efficient and energy saving combustion method, one of the liquid phase synthesis method. 
The combustion method of preparing oxides, aluminates and silicates phosphor powders is a 
facile and an efficient method, that takes hardly few minutes and have been extensively used 
for the mass production recently. Further, the combustion method being a liquid phase 
synthesis method, each component of the host and activators can be accurately controlled 
and uniformly mixed to get the homogeneous product. In this method, all the precursors 
used are salts such as nitrates or acetates. A proper amount of organic fuel like urea, glycine, 
ethylene glycol etc. is added to the aqueous solution of the salts. The heat released during 
the exothermic redox reaction between metal nitrates precursors (oxidant) and organic fuel 
(reductant) makes the reaction feasible at relatively lower temperatures in a very short 
interval of time (hardly few minutes). The whole scheme of redox reaction can be expressed 
as: 
3M(NO3)2 + 5NH2CONH2   3MO + 5CO2 + 10H2O + 5N2   (1.14) 
6Al(NO3)3 + 15NH2CONH2  3Al2O3 + 15CO2 + 30H2O + 24N2  (1.15) 
6Eu(NO3)3 + 6Dy(NO3)3 + 30NH2CONH2 3Eu2O3+3Dy2O3+30CO2+60H2O + 48N2 (1.16) 
MO + Al2O3     MAl2O4    (1.17) 
MAl2O4 + 5Al2O3   MAl12O19     (1.18) 
17MAl2O4 + 3SrAl12O19   5M4Al14O25     (1. 19) 
300–500oC 
300–500oC 
500oC/B2O3
500oC/B2O3
1200oC/B2O3
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In general, the stoichometric amounts of corresponding metal nitrates and organic 
fuel along with dopant and co-dopants are heated nearly at 80oC for few hours till it 
becomes viscous sol. Then the mixture is inserted into the furnace pre-heated at 300 – 500oC. 
The exothermic combustion reaction between metal nitrates and fuel occurs vigorously. 
Initially, the sol boils, fourths, foams and catches fire. Then the fire propagates to its own 
leading to the completion of the reaction in less than ten minutes. 
1.4. Long Persistent Phosphor: A collection from the past 
So far, more than 100 different kinds of long persistent phosphors are existed, most 
of them, listed below (Table 1), were developed during the past two decades.  Most of the 
phosphor consists rare earth metal ions, for example, Eu2+, Eu3+, Ce3+, Tb3+, Sm3+ , Pr3+, 
Dy3+, Er3+, Tm3+ as an activator ion. Upon UV and visible light excitation, the trivalent rare 
earth ions exhibits persistent afterglow because the 5d electronic state of these ions is 
energetically close to the conduction band of the host, making delocalization and trapping of 
electrons possible. Among various rare earth ions as an emission center in most of the 
phosphor, Eu2+ is a most common emission center in persistent materials. It can often be 
pumped by the sunlight and its emission wavelength from 4f65d1 to 4f7 varies greatly from 
host to host and can give good coverage of the spectrum.  Other long persistent phosphors 
used transition metal ions with 3d electrons, such as V3+, Cu+, Mn2+, Ti4+, Sn2+, Co3+ etc. 
and some other ns2 type centers such as Bi3+, Pb2+ etc. 
Host materials are of critical importance for long persistent phosphors. Early host 
materials used for long persistence were of the ZnS type. Due to low band gap energy of 
2.16 eV (hence afterglow is no longer than an hour) and its chemical instability, many other 
suitable host have been developed in last few decades. Some of them are Lenard’s host 
Ca/Sr/BaS, alkali earth aluminates  like SrAl2O4, Sr4Al14O25, CaAl4O7, BaAl2O4 etc., 
silicates like SrSiO3, CaMgSi2O6, Sr3Al10SiO20, Na4CaSi7O17 etc., oxides like SrO, Y2O3,  
and oxy-sulphide like Y2O2S, Gd2O2S etc. Among them alkali earth aluminates host have 
attracted much attentions due to their wide band gap of  approximately 6 eV, suitable for 
very long persistent phosphorescence over night, chemical stability, high quantum yield of 
greater than 90% and wide range of excitation. 
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Table 1.1.  Wavelength and persistent time of various long persistent phosphor listed by 
emission centers 
Emission     
center 
Co-dopant/s Host material Emission 
wavelength/nm 
Persistent 
Time/h 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
- 
- 
- 
- 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+ 
Dy3+/Cr3+ 
Nd3+/Cr3+ 
Nd3+ 
Nd3+ 
CaAl2B2O7 [61] 
SrAl1.7B0.3O4 [62] 
SrAl2SiO6 [63] 
CaMg2SiO6 [64] 
SrAl2O4 [10] 
BaAl2O4 [54] 
CaAl2O4 [65] 
MgAl2O4 [66] 
SrAl4O7 [67,68] 
SrAl12O19 [68] 
Sr4Al14O25 [10,69] 
Sr4Al14BO25 [70] 
Sr3Al2O6 [71] 
Sr2MgSi2O7 [72] 
CaS/SrS [73] 
Sr2Al2SiO7 [74] 
Sr2ZnSi2O7 [75] 
Sr3MgSi2O8 [76] 
Sr3Al10SiO20 [77] 
Ca2MgSi2O7 [72] 
CaAl2Si2O8 [78] 
Ba2MgSi2O7 [72] 
(Sr,Ca)MgSi2O7[79]
Sr2SiO4 [80] 
Sr4Al14O25 [51] 
CaAl2O4[81,82] 
(Sr,Ca)Al2O4 [83] 
Ca12Al14O33 [84] 
510 
520 
510 
438 
530 
520 
500 
480 
480  
475 
424, 486 
490 
618 
466 
616 
484 
457 
475 
466 
447,516 
440 
505 
490 
479,493,560 
490, 695 
440 
440-517 
440 
8 
2 
24 
>4 
>10 
>10 
>10 
<1 min 
<1 min 
- 
>20 
>1 
>1 
5 
> 1min 
> 1min 
- 
5 
6 
5 
- 
5 
20 
>5 min 
>5 
10 
>10 
1 
Continued… 
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Emission     
center 
Co-dopant/s Host material Emission 
wavelength/nm 
Persistent 
Time/h 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu2+ 
Eu3+ 
Eu3+ 
Eu3+ 
Ce3+ 
Ce3+ 
Ce3+ 
Ce3+ 
Ce3+ 
Ce3+ 
Ce3+ 
Ce3+ 
Tb3+ 
Tb3+ 
Tb3+ 
Tb3+ 
Tb3+ 
Tb3+ 
Pr3+ 
Pr3+ 
Pr3+ 
Dy3+ 
Dy3+ 
-/ Nd3+ 
Nd3+ 
- 
- 
- 
- 
Ti4+/Mg2+ 
Ti4+/Mg2+ 
Nd3+ 
Nd3+ 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
Ce3+ 
Ce3+ 
-/Zn2+ 
- 
Li+ 
- 
- 
CaMgSi2O6 [85] 
Ba2ZnSi2O7 [86] 
CaO [87] 
SrO [87] 
BaO [87] 
CaWO4 [88] 
Y2O3 [89] 
Y2O2S [48] 
SrAl2O4 [46] 
CaAl2O4 [46] 
BaAl2O4 [90] 
Sr4Al14O25 [22] 
Sr2Al2SiO7 [91] 
Ca2Al2SiO7 [24] 
CaS [92] 
CaAl2O4 [93] 
CaO [94] 
SrO [94] 
CaSnO3 [95] 
YTaO4 [96] 
CaAl2O4 [97] 
CaAl4O7 [98] 
CaTiO3 [99] 
CdSiO3 [100] 
CaZrO3 [101] 
CdSiO3 [102] 
SrSiO3 [103] 
338,447 
505 
626 
626 
626 
614 
612 
612 
627 
385,427 
413 
450,412 
400 
414,482,588 
417 
507 
543 
543 
543 
492,543,624 
543 
543 
612 
402,602 
494 
White 
White 
>4 
- 
1 
1 
1 
- 
1.5 
1 
>12 
>12 
>12 
- 
- 
>10 
0.2 
1 
>1 
>1 
4 
2 
10 
10 
0.1 
~1 
3 
5 
1 
Continued… 
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Emission     
center 
Co-dopant/s Host material Emission 
wavelength/nm 
Persistent 
Time/h 
Dy3+ 
Sm3+ 
Sm3+ 
Sm3+ 
Sm3+ 
Tm3+ 
Ho3+ 
Mn2+ 
Mn2+ 
Mn2+ 
Mn2+ 
Cu2+ 
Cu+ 
Cu+ 
Bi3+ 
Bi3+ 
 Pb2+ 
Ti4+ 
V3+ 
- 
- 
-/Mg2+,Ti4+ 
- 
-/Ti4+ 
- 
- 
- 
- 
Sn2+ 
Ga3+ 
Sn2+ 
- 
Co2+ 
- 
Tm3+ 
- 
-/Mg2+ 
-/Ce3+ 
Sr2SiO4 [104] 
CdSiO3 [105] 
Y2O2S [106] 
CaAl2O4 [107] 
Gd2O2S [108] 
 Y2O2S [109] 
CaGaS4 [110] 
CdSiO3 [111] 
Mg2GeO3 [112] 
BaMg2Si2O7 [113] 
Β-Zn3(PO4)3 [114] 
Na4CaSi7O17 [115] 
ZnS [2] 
ZnS [2] 
CaS [116] 
CaxSr1-xS [34] 
CdSiO3 [117] 
Y2O2S [117] 
MgAl2O4 [49] 
White 
Orange-red 
Orange-red 
Orange-red 
Red 
Orange-yellow 
560 
Orange 
Red 
400,660 
Red 
510 
530 
530 
447 
453 
498 
594 
520 
1 
1 
1 
- 
- 
>1 
>1 
>1 
>1 
>1 
0.6 
1.5 
0.6 
1.5 
2 
5 
10 
5 
1 
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1.5. Objectives of the present study 
When Matsuzawa reported long persistent SrAl2O4:Eu2+/Dy3+ phosphor [10], great 
efforts have been done to develop the persistent phosphors over the visible spectrum. As a 
result, blue, green and red persistent phosphors have been developed in last decade but their 
brightness and persistent time are not enough to apply in the practical applications. At the 
same time, BMJ Smets [13] introduced the Sr4Al14O25:Eu2+ phosphor with high quantum 
yield, bright phosphorescence and very long persistent time if doped with Dy3+ ion. 
However, there are very few reports on the systematic study of the Sr4Al14O25 phosphor. 
Thus, I have selected it and performed detailed study. The short term objectives of the 
present study are: 
1. To explore the scope of phosphor materials, especially, long persistent phosphor. 
2. To explore the existing mechanisms of long persistent phosphorescence and find out the 
improved one to satisfy all the characteristics observed for a long persistent phosphor. 
3. To prepare and characterize the strontium aluminate phosphor viz. 
Sr4Al14O25:Eu2+/Dy3+. 
4. To find out the effects of various parameters like use of flux, synthetic conditions 
(calcinations temperature, time, atmosphere etc.), additives (emission centers, co-
dopants, charge compensators), substitution by similar cations (Ca and Ba), use of 
proper raw powders (e. g. alumina type and its size) for the better phosphorescence 
properties. 
5. To develop a white afterglow phosphor by Sr/Ca substrate control in the 
Sr4Al14O25:Eu2+/Dy3+ phosphor. 
6. To synthesize the Sr4Al14O25:Eu2+/Dy3+ phosphor particles by sol-gel, combustion, solid 
state methods and compare its surface morphology and photoluminescence 
characteristics to find the better method of preparation. 
7. To search the possibility of red phosphorescence in Sr4Al14O25 phosphor by co-doping 
various metal ions. 
The long term objectives of the study are: 
1. To develop the long persistent phosphor materials that can persist over night and can be 
used in night vision applications. 
2. To establish the fabrication process of similar ‘rare metal doped aluminates phosphors’. 
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3. To contribute to a sustainable society through the alternative source of energy 
(phosphor materials), by the use of sunlight as a source.  
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Chapter II 
 
Systematic study on the synthesis of Sr4Al14O25:Eu2+/Dy3+ phosphor and its 
photoluminescence characteristics 
2.1. Introduction 
Phosphor materials with long afterglow is a kind of energy storing materials that can 
absorb UV or visible light from sun light, and gradually release the absorbed energy in the 
darkness at a certain wavelengths, in the form of visible light [1].  
Among the various phosphors ZnS-based materials doped with Cu or Mn ions were 
first prepared and applied for the various fields [2]. However the luminescent intensity of 
these phosphors was not bright enough and the afterglow time was short. Therefore, some 
radio-active elements such as tritium (3H), radium (225Ra) and promethium (147Pr) had to be 
co-doped into the ZnS based phosphors to prolong the afterglow time. Due to the hazardous 
radio-active radiations, the uses of such radio-active isotope doped ZnS type phosphors were 
limited.  
As far as the development of phosphor is concerned, Eu2+ ion was frequently used as 
an activator ion in various host lattices. Due to the shielding effect of the outer shells, the 5d 
electrons split easily by the crystal field around it. Thus the peak position of Eu2+ emission 
strongly depends on the Eu2+ ions surrounding, consequently, Eu2+ ions can emit from near 
UV to red region of the spectrum. For example, Eu2+ ions give blue (440 nm) luminescence 
in CaAl2O4 or CsBr phosphors [3-4], blue-green (495 nm) in Sr4Al14O25 or γ-AlON 
phosphor [5-6], green (520 nm) in SrAl2O4 phosphor [5, 7], yellow (558 nm) in CaSi2O2N2 
phosphor [8] and orange (610 nm) in Sr3Al2O5Cl2 phosphor [9]. Further, it can often be 
pumped by the sunlight or other natural light source. Therefore, as a new phosphor, alkaline 
earth aluminate phosphors doped with divalent europium ion (Eu2+) have been investigated 
as an efficient phosphor that has high quantum efficiency and good stability, indicating good 
practical prospects [10-15]. These phosphors have decay time ranging from nanosecond to 
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tens of seconds and were used as important constituents of light emitting devices, 
fluorescent lamps, plasma display panels and lamp for medical applications [16]. However, 
for specific dark vision applications involving signage, blackouts, emergency rescue 
guidance systems and luminous watches, the developed phosphor with appreciable 
brightness, high stability and long persistent time of more than 5 h is fundamental requisites 
[17].  
In 1996, Matsuzawa et al. reported a new type of aluminate based phosphor, 
SrAl2O4:Eu2+/Dy3+, with a strong emission centered at 520 nm (green) [7]. The persistent 
life time of this SrAl2O4:Eu2+/Dy3+ phosphor was found to be longer than 16 h. After a short 
time, a new similar long persistent phosphor CaAl2O4:Ce3+/Nd3+ was reported that showed 
persistent emission at 420 nm (blue) [18]. Though, Smets et al. reported blue-green emitting 
Sr4Al14O25:Eu2+ phosphor, he did not observed the long afterglow [5]. Later, 
Sr4Al14O25:Eu2+/Dy3+ phosphor was developed showing extremely prolonged blue-green 
(495 nm) phosphorescence [19-20]. These phosphors drew considerable attention because of 
their ability to persist overnight, chemical stability, wide range of excitation, high quantum 
yield etc. opening prospect of various applications [21-22]. 
During the last decade, the research on the development of new persistent phosphors 
and improvement of persistent life time of existing phosphor has been done enormously. 
Study on the mechanism of persistency of the afterglow revealed that electron and hole traps 
are responsible for the long persistent time of these phosphors, which in turn depends on the 
doped auxiliary ions or the defects in the crystal lattice. Various rare metals (Dy3+, Nd3+, 
Gd3+, Sm3+ etc.) have been studied to trap the electrons and holes to prolong the afterglow 
durations [23-25] and it is concluded that in the strontium aluminate doped with Eu2+ (SAE) 
type phosphors, Dy3+ is the most effective co-activator to prolong the afterglow life time.  
Thus, in order to improve the phosphorescence characteristics, Dy3+ ion has been 
added to SAE phosphors and fabrication conditions have been examined [16-25]. For 
specific dark vision applications, the existing brightness and persistent phosphorescence 
have been improved but are not enough and needed more improvements. Fascinated by the 
techno-commercial applications, many researchers started exploring the dependence of 
various physico-chemical parameters such as thermal parameters [14], addition of fluxes 
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[15-17, 24-28], and effect of composition [22, 27-29] on the luminescence and long 
persistence behavior of these phosphors.  
The Sr4Al14O25:Eu2+/Dy3+ phosphor showed bright luminescence, extremely long 
persistent time and very high quantum yield (>90%) and can be applied in various display 
applications, especially, for overnight display purposes. Thus, I have selected Sr4Al14O25 
phosphor for the detail study. In this chapter the systematic examination of rare earth ions 
(Eu2+, Dy3+, and other lanthanides), monovalent to hexavalent charge compensators (Li, Na, 
Ag, Mg, Ca, Ba, B, Si, W), flux (H3BO3), substitution effect of Ca or Ba in the Sr site, effect 
of starting alumina powder type and its particle size, preheating and reduction temperatures 
and time, and the reduction atmosphere for the improvement of morphology and 
photoluminescence characteristics of the Sr4Al14O25 phosphor has been explained in detail. I 
will discuss the origin of white afterglow in the Sr4Al14O25 matrix by substitution with Ca 
ions. 
2.2. Experimental 
Strontium aluminate phosphor doped with Eu2+ and Dy3+ (Sr4Al14O25:Eu2+/Dy3+) 
were prepared by the reaction between strontium carbonate (SrCO3; Aldrich, 99.9+ %), 
aluminum oxide (Al2O3; Baikalox, ultrapure, 0.05, 0.1 and 1.0 µ powder), europium oxide 
(Eu2O3; Aldrich, 99.9+ %) and dysprosium oxide (Dy2O3; Aldrich, 99.9+ %). Small amount 
of boric acid (H3BO3; AR) was used as a flux. The raw powder was mixed according to the 
nominal composition of 4SrCO3 + 7Al2O3 + (0.00, 1.75, 3.50 and 8.75) mol% H3BO3 + x 
at% Eu3+ and y at% Dy3+. However, the proportion of aluminium and strontium were varied 
from its ratio (Al/Sr) 3.4 to 4.0 to prepare various non-stoichometric phosphor samples. In 
case of Ca/Ba substituted samples 0 to 1 mol fraction of Sr is substituted by Ca or Ba. Some 
monovalent to hexavalent ions (Li+, Na+, Ag+, Mg2+, Ca2+, Ba2+, B3+, Si4+, W6+) were added 
to the starting mixture to compensate the charge neutrality. Then, an appropriate amounts of 
the starting material according to the above mentioned composition was mixed thoroughly 
in mortal and pestle with the help of little ethanol.  Pellets (φ 13 mm × 3 mm) were prepared 
and preheated in air atmosphere at 900oC -1100oC for 4 h and then pulverized to get fine 
powder. Again pellets (φ 13 mm × 3 mm) were prepared and then heated at 1100oC - 1400oC 
for 5 h in a reducing atmosphere of 10% H2 and 90% N2 by flowing 20 ml/min H2 and 180 
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ml/min N2. The phosphor product obtained was gritty solid that was grinded to get fine 
powder, washed with boiling acetic acid followed by distilled water to get rid from some 
glassy phases. Then, the dried powder was used for characterizations and evaluations. The 
complete preparation scheme is shown in Fig. 2.1. 
 
Fig. 2.1. Flow chart for the preparation of Sr4Al14O25:Eu2+/Dy3+ phosphor by solid state 
reaction method. 
Phase identifications were carried out using a Shimadzu XRD-630D instrument with 
Cu-Kα radiation. Thermo-gravimetric (TG) and differential thermal (DTA) analyses were 
carried out using a SEIKO TG/DTA 6300 instrument. Scanning Electron Microscopy (SEM) 
observations were carried out using a Hitachi S-3000N SEM instrument. Elemental mapping 
images were recorded using EDX coupled with SEM. Before SEM-EDX measurements 
phosphor particles were coated (about 5 nm thickness) with Pt-Pd using ion sputter. Surface 
elemental analyses were carried out using Rayny107 energy dispersive X-ray fluorescence 
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+
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meter. TEM images were obtained by a Hitachi H-800MU microscope. Photoluminescence 
spectra (absorption, excitation and emission) were recorded using USB 4000-UV-VIS fiber 
optic spectrometer (Ocean optics). The afterglow intensity and decay curves were obtained 
at room temperature using a brightness meter (Konica Minolta LS-100). Before decay 
curves measurement, each sample was exposed to standard 15W xenon lamp for 20 minutes. 
Thermoluminescence glow peaks were recorded from 0 to 300oC using a self assembled 
instrument.  
2.3. Results and Discussion 
2.3.1. Effect of Flux 
To understand the thermal behavior of the raw mixture and the effect of flux on the 
formation of target product during raising temperature, it is necessary to observe TG and 
DTA results. The TG and DTA measurements were carried out for representative samples 
containing different amount of boric acid as a flux as 4SrO.7Al2O3.B0 (without Boric acid), 
4SrO.7Al2O3.B0.2 (1.75 mol% Boric acid) and 4SrO.7Al2O3.B0.4   (3.5 mol% Boric acid) with 
4 at% europium and 8 at% dysprosium. Fig. 2.2 depicts the TG and DTA results of various 
raw mixtures containing different amount of flux. The weight loss below 300oC indicates the 
dehydration of boric acid and γ-alumina used as raw powder (since γ-alumina contained 
small amount of Al(OH)3). For 4SrO.7Al2O3.B0 mixture nearly 3 wt% loss was due to 
dehydration of γ-alumina. The weight loss of 4SrO.7Al2O3.B0.2 and 4SrO.7Al2O3.B0.4 
mixtures below 300oC were 3.4 and 3.8 wt%, respectively, that came from the weight loss 
by γ-alumina (3 wt%) as well as that of the boric acid used. The total weight loss of 16.2 
wt%, 16.8 wt% and 17.3 wt%, is analogous to the theoretical values of, 17.1 wt%, 17.4 wt% 
and 17.7 wt% for the 4SrO.7Al2O3.B0, 4SrO.7Al2O3.B0.2 and 4SrO.7Al2O3.B0.4, respectively. 
The sharp weight loss and endothermic peak on the TG and DTA at 700 to 900oC indicates 
the decomposition of SrCO3 to form SrO. From Fig. 2.2 it is seen that SrCO3 decomposed at 
relatively lower temperatures in case of boric acid rich mixture than that of boric acid free 
mixture. Further, boric acid flux greatly promotes the Sr4Al14O25 phase formation and 
reduced its formation temperature [30]. Thus, it can be concluded that the boric acid flux 
decreases the decomposition temperature of SrCO3 and greatly reduces the phase formation 
temperature in strontium aluminate systems. 
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Fig. 2.2.  TG- DTA curves of precursor mixtures with or without H3BO3 showing the 
reaction process aided by the flux (H3BO3) during calcinations. 
 
Fig. 2.3. XRD patterns of strontium aluminate system for the samples (a) 4SrO.7Al2O3.B0, 
(b) 4SrO.7Al2O3.B0.2 (c) 4SrO.7Al2O3.B0.4 and (d) 4SrO.7Al2O3.B1.0. 
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Figure 2.3 (a-d) show the XRD patterns of SAED phosphor samples prepared adding 
0.00, 1.75, 3.50 and 8.75 mol% H3BO3, respectively, heated at 1300oC for 5 h. In the S4A7B0 
phosphor sample, SrAl2O4 (JCPDS; 34-0379) and SrAl12O19 (JCPDS; 26-0976) phases were 
observed as main phases along with some residual alumina (JCPDS; 46-1212). On 
increasing boric acid concentration to 1.75 mol% (S4A7B0.2), these SrAl2O4 and SrAl12O19 
phases decreased and a new phase (Sr4Al14O25) was appeared. Further increasing boric acid 
concentration to 3.50 mol% (S4A7B0.4), highly crystalline, pure Sr4Al14O25 phase was 
observed.  The Sr4Al14O25 phase was refined to be the orthorhombic crystal structure with 
Pmma space group. The unit cell lattice parameters calculated from XRD results were          
a = 24.78ܣሶ, b = 8.48ܣሶ and c = 4.86ܣሶ. These values are in well agreement with that in the 
JCPDS card data (52-1876) and the values reported in other articles [16, 17, 31]. It is 
suggested that the metastable Sr4Al14O25 phase was formed by the reaction between 
SrAl12O19 and SrAl2O4 intermediate phases in the presence of boron oxide flux that 
accelerates the Sr4Al14O25 phase formation acting as high temperature solvent [31]. However, 
if boric acid concentration was increased to 8.75 mol% (S4A7B1.0), there appeared much 
glasses and some crystalline aluminoborate phase, SrAl2B2O7 (JCPDS; 47-0182) along with 
the Sr4Al14O25 phase. Thus, at higher concentration, boric oxide not only acts as high 
temperature solvent, but actively participates in chemical reaction with the aluminates to 
form alumino-borate as seen in Fig. 2.3 (d). Therefore, synthesis of Sr4Al14O25 phase 
involves complex reaction processes, in which SrAl2O4 and SrAl12O19 are formed as 
intermediate phases [31].  Formations of these intermediate phases were further confirmed 
by the XRD results of the phosphor samples prepared at 900oC and 1000oC (Fig. 2.9). At 
those temperatures, only SrAl2O4 and SrAl12O19 phases were formed. Thus, the synthesis of 
Sr4Al14O25 phosphor can be expressed by the following chemical reactions: 
2H3BO3   B2O3 + 3H2O    (2.1) 
2Al (OH) 3   Al2O3 + 3H2O    (2.2) 
SrCO3    SrO + CO2    (2.3) 
SrO + Al2O3   SrAl2O4    (2.4) 
(From γ-Al2O3) 
700-900 oC
1200 oC
<300 oC
<300 oC
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SrAl2O4 + 5Al2O3  SrAl12O19    (2.5) 
17SrAl2O4 + 3SrAl12O19  5Sr4Al14O25    (2.6) 
Sr4Al14O25 + B2O3       SrAl2B2O7 + SrB4O7   (2.7) 
Change in the grain morphology of the phosphor was studied by SEM observations. 
Figures 2.4 (a-d) represent the SEM micrograph of SAED phosphor samples 
4SrO.7Al2O3.B0, 4SrO.7Al2O3.B0.2, 4SrO.7Al2O3.B0.4 and 4SrO.7Al2O3.B1.0, respectively, 
after treated with an acetic acid solution. In the phosphor sample 4SrO.7Al2O3.B0, prepared 
in absence of H3BO3, irregular particles (almost spherical) were formed. The particle size 
was very small in the range of 0.2 to 0.5 μm (Fig. 2.4 (a)). These particles get connected 
with each other creating numerous pores on the surface whose average diameter was about 
1μm. On adding 1.75 mol% boric acid, the growth of phosphor particles was accelerated 
producing bigger particles with high angularity and sharp corners. The particle size 
distribution increased drastically and form angular particles of nearly 1.5 µm long and 1 µm 
wide (Fig. 2.4 (b)). In between these angular particles there appeared some spherical to 
irregular particles. Appearance of angular particles and disappearance of spherical particles 
at the same time suggests that the spherical particles were gradually transformed to the 
angular particles. From the XRD results (Fig. 2.3) it was found that the spherical particles 
were that of SrAl2O4 crystals while that of angular particles were Sr4Al14O25 crystals. 
Therefore, it is suggested that addition of small amount of boric acid help to transform 
SrAl2O4 phase to Sr4Al14O25. A similar result has been presented by A. Nag et.al. in the 
preparation of SrAl2O4 phosphor [27]. If the boric acid concentration was further increased 
to 3.5 mol%, further particles growth occurred and there appeared particles with very sharp 
corners, fixed boundary and angular to hexagonal shape. The average particles size was 2 
µm long and 1 μm wide as shown in Fig. 2.4(c). However, as in Fig. 2.4(b), there was no 
any spherical to irregular particles observed. It suggests that growth of Sr4Al14O25 phase was 
completed.  
>1200 oC 
~1300 oC 
B2O3
≥1400oC 
(Excess) 
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Fig. 2.4. SEM microstructures of the SAED phosphors prepared with different H3BO3 
contents: (a) 0.00 mol% (4SrO.7Al2O3.B0), (b) 1.75 mol% (4SrO.7Al2O3.B0.2), (c) 3.5 mol% 
(4SrO.7Al2O3.B0.4) and (d) 8.75 mol% (4SrO.7Al2O3.B1.0). 
However, as boric acid concentration was increased to 8.75 mol%, the particles 
growth increased drastically showing very wide particle size distribution ranging between 5 
to 10 μm (Fig. 2.4(d)). However, in these particles the fixed geometry had been destroyed 
and the corner was with smooth surface. These particles were covered randomly by minute 
particles that were found to be SrAl2B2O7 phase as confirmed by the XRD analysis. As we 
know, boric acid is a good glass former at higher concentration and high temperature, it 
forms undesired strontium alumino borate and other glassy phases that cover the surface of 
the phosphor. The glassy phase was washed away by hot acetic acid treatment and hence not 
observed clearly in the SEM micrographs, however, strontium alumino borate was clearly 
observed. Therefore, it is concluded that boric acid flux promotes the Sr4Al14O25 phase 
formation at optimum concentration but at higher concentration undesired product like glass 
is possible.  
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Fig. 2.5. SAED phosphors prepared with the aid of various amount of boric acid, (a) absorption 
spectra and (b) phosphorescence spectra. 
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Figure 2.5 (a) and (b) shows the absorption and emission spectra of 
Sr4Al14O25:Eu2+/Dy3+ phosphor, respectively. The room temperature absorption spectra of 
SAED phosphors consist of strong absorption plateau with step edges at nearly 210 and 450 
nm. Thus, these SAED phosphors can be efficiently excited by the UV radiation of sunshine 
and thus does not require any artificial excitation source. All these SAED phosphor samples 
emitted blue-green light centered at 497 nm (the most appropriate region of human 
sensation) but its intensity varied significantly with boric acid concentrations. On increasing 
boric acid concentrations, the phosphorescence intensity also increased and reached 
maximum when added boric acid concentration was 3.5 mol% and above that it decreased 
again, as in the inserted graph in Fig. 2.6.  
It may be explained as: in case of boric acid free phosphor samples, SrAl2O4 and 
SrAl12O19 mixed phases were existed, the later shows very low afterglow intensity [10]. On 
increasing boric acid concentration (1.75 mol %), the SrAl12O19 phase disappeared and there 
appeared Sr4Al14O25 phase. Both the SrAl2O4:Eu2+/Dy3+ and Sr4Al14O25:Eu2+/Dy3+ 
phosphors show high brightness and long afterglow, hence the afterglow intensity and 
persistent time sharply increased. Further increasing boric acid concentration to 3.5 mol%, 
highly crystalline, single phase Sr4Al14O25 phosphor was formed that produced very high 
phosphorescence intensity and afterglow duration. However, as boric acid concentration was 
increased above 3.5 mol%, the afterglow intensity sharply decreased. It has been reported 
that boric acid flux can properly facilitate the entry of activator ions into the crystal lattice 
and aids in the formation of luminescent centers [32]. Due to liquid boron oxide as high 
temperature flux, distribution of the rare metal ions becomes random and deep throughout 
the lattice. Further, the flux enforce the Eu2+ and Dy3+ ions to replace the Sr2+ site in the 
lattice [32]. This increases the Eu2+ and Dy3+ ions concentration in the Sr4Al14O25 lattice and 
causes steep increase in the photoluminescence properties. To prove the increment of 
activator ions in the strontium aluminates phosphor, EDX experiments of samples prepared 
adding 0.00, 1.75 mol%, 3.50 mol% and 8.75 mol% boric acid in the starting mixture were 
carried out keeping the constant amount of europium (4 at%) and dysprosium (8 at%) and 
the result are presented in Table 2.1.  Although the added amount of europium and 
dysprosium in the raw mixture was constant (4 at% and 8 at%, respectively), actual 
incorporated amount of Eu2+ and Dy3+ in the Sr4Al14O25 lattice (after acetic acid treatment) 
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increased with the increase of the boric acid concentration. Even though the incorporated 
amount of Eu2+ and Dy3+ ions into the Sr4Al14O25 lattice was higher in the sample prepared 
adding 8.75 mol% boric acid, the emission intensity was decreased in that sample. The 
decrease in the emission intensity with higher flux concentration might be due to formation 
of non emitting phase SrAl2B2O7 as observed in XRD and some of the glasses that covered 
the phosphor surface and protect the surface from emission or it disperse the emitted light to 
undesired directions. 
 
Fig.  2.6. Variation of afterglow intensity and its decay speed of strontium aluminate 
phosphors prepared adding various concentration of boric acid. The inset figure shows the 
variation of afterglow intensity with boric acid concentration. 
 
 
 
 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
10 110 210 310 410 510 610
Time/min
A
fte
rg
lo
w
 in
te
ns
ity
/C
d.
m-2
0 mol% B
0.8 mol% B
1.75 mol% B
3.5 mol% B
8.5 mol% B
0
0.5
1
1.5
2
2.5
3
3.5
0 1 2 3 4 5 6 7 8 9
B content/ mole%
In
t./
C
d.
m-
2
44 
 
Table 2.1. List of samples with various boric acid contents, Eu2+ and Dy3+ concentrations 
obtained from EDX studies correlated with afterglow emission intensities values. 
Samples name 
Phases   
observed 
Amount 
Eu2+  
Amount 
Dy3+ 
Afterglow 
intensity 
(Cd.m-2)  
Afterglow
time(h) 
0B (boron free) 
0.2B (1.75 mol% B) 
 
0.4B (3.5 mol% B) 
1.0B (8.75 mol% B) 
SrAl2O4 
SrAl2O4, 
Sr4Al14O25 
Sr4Al14O25 
Sr4Al14O25, 
SrAl2B2O7 
0.125% 
0.144% 
 
0.146% 
0.156% 
0.5% 
0.79% 
 
0.89% 
0.92% 
0.18 
2.514 
 
3.17 
1.815 
< 2 
>15 
 
>20 
<10 
Figure 2.6 depicts the persistent afterglow curves of the various phosphor samples 
prepared adding 0.00, 0.85, 1.75, 3.50 and 8.75 mol% boric acid under the condition of 4 
at% Eu2+ and 8 at% Dy3+. We found that the persistence time from boric acid free phosphor 
was the least, almost non emissive. As the added amount of boric acid was increased to 3.5 
mol%, the phosphorescence intensity was increased dramatically and same was the 
persistent life time that persisted over 20 h. The liquid phase sintering aided by flux 
facilitates the grain growth of the strontium aluminates and increases the penetration of trap 
centers in these phosphors. As explained in mechanism of long persistency of 
phosphorescence in chapter 1.3.2, increased amount of Dy3+ ions in the host increased the 
hole trapping capacity that enhances the phosphorescence intensity and its depth or the 
release rate of trapped holes control the afterglow duration [33]. Further, the dissolved B3+ 
ions substitute Al3+ ions at tetrahedral positions [34]. This substitution results in the 
shrinkage of Sr4Al14O25 lattice and enhance the hole trapping ability of Dy3+ ions that 
further increases the afterglow intensity [27]. The decrease of afterglow intensity and 
persistent time on further increasing the boric acid concentration above 4 mol% may be due 
to formation of glass and other impurity phases that obviously reduced the phosphorescence 
intensity and afterglow duration. 
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Fig. 2.7. EDX mapping in SAED phosphors: europium (a, c, e & g) and dysprosium (b, d, f 
& h) prepared with different H3BO3 concentration: (a, b) 0 mol%, (c, d) 1.75 mol%, (e, f) 
3.5 mol% and (g, h) 8.75 mol%. 
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2.3.2. Effect of Heating Environment 
Figure 2.8 depicts the variation of afterglow intensity as a function of preheating 
temperatures for the synthesis of SAED phosphors. The phosphorescence intensity and long 
persistent time increased on increasing the preheating temperature from 800oC to 1000oC 
above that remained almost constant as shown in Fig. 2.8. When the mixture was preheated 
at 800oC to 900oC, there appeared some peaks of alumina, SrAl2O4 and SrAl12O19 phases, as 
shown in XRD results in Fig. 2.9. As the preheating temperature was increased to 1000oC, 
alumina peaks completely disappeared and that of SrAl12O19 peaks increased. As described 
above in equation 2.6, SrAl12O19 and SrAl2O4 phases reacts with each other in the presence 
of boron oxide flux to generate Sr4Al14O25 phase. Thus, preheating at suitable temperature 
(1000oC) generates proper precursor powders that enhance the final phase formation. 
According to F. Clabau et.al. [35], preheating in air condition at optimum temperature 
increase the phosphorescence properties. It is because heating in air environment increases 
the oxygen vacancies around the Europium ions. These oxygen vacancies are found to 
enhance the phosphorescence properties. Therefore, the raw mixture should be preheated in 
air atmosphere at around 1000oC to get the better photoluminescence properties. 
 
Fig. 2.8. Variation of phosphorescence intensity for strontium aluminate phosphors 
preheated at various temperatures and then reduced at 1300oC for 5 h.  
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Fig. 2.9.  Effect of preheating temperatures for the phase formation of SAED phosphors. 
 
Fig. 2.10. Variation of afterglow intensities of the SAED phosphors as a function of 
reduction temperatures and time. 
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Figure 2.10 shows the variation of afterglow intensity as a function of heating 
temperature and time. It was observed that the phosphor prepared at 1300oC–1350oC 
sintered for 5 h in reducing atmosphere has higher phosphorescence intensity and longer 
persistent time. Increase in phosphorescence intensity and persistent time of the phosphor 
prepared above 1350oC was incremental, indicating 1350oC heating for 5 h is the sufficient 
temperature and enough time to get excellent photoluminescence properties. The phosphor 
should be prepared under slightly reducing atmosphere so that the Eu3+ ions can be reduced 
to Eu2 + ions because the emission center is Eu2 + ions in this phosphor. When the phosphor 
was prepared in air atmosphere, the phosphorescence intensity was very dim, almost non 
emissive. The negligible emission was due to self reduction of Eu3+ ions to Eu2 + ions in the 
Sr4Al14O25 host [36]. Calcinations of the Sr4Al14O25 phosphor at higher temperatures 
revealed that it was stable up to 1700oC and above that temperatures, it breaks down into 
SrAl4O7 and SrAl2O4  phases. 
2.3.3. Effect of activator and co-activator concentrations 
The Sr4Al14O25 phosphor consists of three dimensional networks composed of the 
octahedral anion groups (AlO6) separated by double layers of tetrahedral anion groups 
(AlO4) as shown in Fig. 2.11. The ionic radius of Sr2+ (ݎௌ௥మశ= 118 pm) is very similar to the 
ionic radius of Eu2+ (ݎா௨మశ= 117 pm). Due to the very similar ionic radius and isovalency, 
the doped Eu2+ ions are supposed to substitute the Sr2+ ions site in the Sr4Al14O25 phosphor 
[2, 29]. Two types of Sr2+ site are present in this phosphor, one surrounded all around by 
AlO4 tetrahedra and another at least one side by AlO6 octahedra. As a consequence, there 
exist two types of Eu2+ ions in the Sr4Al14O25 phosphor, hereafter called Eu1 and Eu2. The 
concentration of Eu1 and Eu2 ions were found to be almost similar [2]. The emission spectra 
of Sr4-x-yAl14O25:xEu2+/yDy3+ (x varies from 0.005 to 0.1 and y=0.08) are presented in Fig. 
2.12. In the emission spectra of Sr4Al14O25:Eu2+/Dy3+ phosphor, when  europium 
concentration was increased from 0.5 at% to 1 at%, two distinct emission bands at 405 and 
500 nm were observed. With the increase of Eu2+ ions concentration, the emission intensity 
at 405 nm (high energy band) decreased gradually and at the same time, the emission 
intensity at 500 nm (low energy band) increased. When Eu2+ ions concentration increased to 
4 at% (0.04), only the emission band at 500 nm was observed. Thus, at low Eu2+ ions 
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concentration, these two emission centers (Eu1 & Eu2) emit light and forms two respective 
emission bands at 405 and 500 nm. However, at higher europium ions concentration, these 
two emission bands merge and emits at 500 nm. This fact implies that the Eu1 emission 
center located at 405 nm is quenched at higher concentrations.  
 
Fig. 2.11. Crystal structure of Sr4Al14O25:Eu2+/Dy3+ phosphor projecting the unit cell along 
the [001] direction.  
Further increasing the Eu2+ ions concentration beyond 5 at%, the emission intensity 
decreased gradually and it became almost non emissive when Eu2+ ions concentration 
reached 50 at%. It indicates that both Eu1 and Eu2 emission centers are quenched at higher 
concentrations. Thus concentration quenching process of Sr4Al14O25:Eu2+/Dy3+ phosphor 
includes two different quenching processes viz. Eu1 emission quenching at first followed by 
Eu2 emission quenching process. It is well documented that the distance between Eu1-Eu2 
is shorter than the distance between Eu1-Eu1 and Eu2-Eu2 in such type of host lattice [29]. 
Thus, the interaction between Eu1-Eu2 is stronger than those of Eu1-Eu1 and Eu2-Eu2. It is 
inferred by taking the specific concentration quenching process stated above that 
accompanying with Eu2+ concentration increasing from low to high, the emission from Eu1 
center is quenched first by transferring excitation energy to nearby Eu2 centers and secondly, 
the emission from Eu2 center that is quenched by transferring the excitation energy from 
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Eu2 center via adjacent Eu2 center and finally to the non luminescent centers. The critical 
quenching concentration at which the emission of Eu2+ in Sr4Al14O25:Eu2+/Dy3+ begins to 
decrease is nearly 4 at% and the quenching mechanism is dipole-dipole interaction [37]. 
 
Fig. 2.12. Variation of emission intensity of Sr4Al14O25:Eu2+/Dy3+ phosphor at various Eu2+ 
concentrations when Dy3+ concentration was fixed to 8 at%. 
Further, very small red shift of the emission maxima was observed on increasing the 
Eu2+ ion concentrations. When the Eu2+ concentration was increased, the probability of an 
energy transfer from one Eu2+ ion to another nearby Eu2+ ion is increased because the 
distance between Eu2+ ions  is decreased. In the 4f → 5d transition of the Eu2+ ion in this 
case, the energy transfer is non radiative. This leads to decrease the energy of the excited 
state of Eu2+ ion and results in the red shift of the emission peak [38-39]. 
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Fig. 2.13. Variation of phosphorescence intensity and afterglow decay speed of 
Sr4Al14O25:Eu2+/Dy3+ phosphor doped with different concentrations of Eu2+ and Dy3+. 
Inserted figure shows the effect of Eu2+ at% on the afterglow intensity. 
The phosphorescence intensity and afterglow decay curves of Sr4Al14O25:Eu2+/Dy3+ 
phosphor doped with various amount of Eu2+ ions are presented in Fig. 2.13. On increasing 
Eu2+ ions concentration from 0.5 at% to 4 at%, the phosphorescence intensity increased, 
attained maximum when the doped amount of Eu2+ ions was 4 at% and then on further 
increasing, it decreased as shown in the inset in Fig. 2.13. It is obvious that higher the 
concentration of emission center in the host lattice, higher is the phosphorescence intensity. 
However, as stated above, the critical quenching concentration of Eu2+ in this phosphor is    
4 at%, above that concentration quenching process occurs and decrease the phosphorescence 
intensity [29].  
The phosphorescence intensity and afterglow decay speed of the europium doped 
strontium aluminate phosphors can be strongly increased by co-doping with trivalent rare 
earth metal ions (RE3+) [28]. According to Matsuzawa et.al. [3, 7], RE3+ ions (ݎோாయశ= 87 pm 
to 105 pm) replace Sr2+ (ݎௌ௥మశ= 118 pm) sites due to similar ionic radii in the Sr4Al14O25 
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crystal. These RE3+ ions in coordination with boron forms RE3+-borate complex and acts as 
trap centers [2, 28]. These trap centers trap the holes generated during the exposure of 
phosphor to excitation source. For phosphorescent phosphors to exhibit long 
phosphorescence at room temperature, it is crucial to have trapping level at a suitable depth 
in relation to the thermal release rate at the room temperature. In particular, if the depth of 
trapping level is too shallow in this relation, the phosphor would show fast decay speed that 
does not last for long time. Contrarily, if it is too deep, the phosphor no longer shows 
phosphorescence at room temperature. Thus, the suitable energy of activation of the hole 
trapped by these rare earth ions monitor the afterglow life time and the densities of these 
trapped holes and its release rate determine the intensity of the phosphorescence. According 
to Nakazawa et.al [24], the energy of traps (Etrap) observed from thermoluminescence glow 
peak measurements are in the order: 
Yb3+>>Sm3+>>Dy3+>Pr3+>Nd3+>Er3+>Ce3+>Gd3+>La3+ 
The trap depths of Sm3+ and Yb3+ are very deep greater than 2 eV. Further, these ions 
can be easily reduced to divalent state under a slightly reducing synthetic condition and can 
fill the cation vacancy involved in the persistent luminescence process [11]. So, the 
phosphors doped with these ions have lowest persistency. The other rare earth ions co-
doping prolonged the phosphorescence intensity according to the trap depths as observed by 
Nakazawa et.al. [24]. 
Further F. Clabau et.al. [40] reported that variation of phosphorescence intensity 
according to the ionization potentials (IPs) of the ions in the SrAl2O4:Eu2+ phosphor. 
According to this model, the phosphorescence intensity and its decay time by co-doping 
with RE3+ ions results from the stabilization of the pre-existing traps. The relative extent of 
traps stabilization can be roughly estimated by the difference between IPs of substituting 
and substituted ions, the lower the IP of the co-doped ions relative to the IP of Sr2+ ion, the 
more strongly the traps attracted and larger would be the trap depth becomes [40].  This is 
what they have observed the phosphorescence intensity and its decay time in the 
SrAl2O4:Eu2+ phosphor in the decreasing order Dy3+~Nd3+>Ho3+>Er3+>undoped>Gd3+>Y3+ 
and the IPs of cations in the increasing order Dy3+~ Nd3+<Ho3+<Er3+<Sr2+< Gd3+<Y3+. 
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Fig. 2.14. Variation of phosphorescence intensity of Sr4Al14O25: Eu2+/RE3+ phosphor with 
some of the lanthanide additives, each additives being 8 at%. 
Best on these observations, we tried to correlate the phosphorescence variation of 
Sr4Al14O25:Eu2+ phosphor according to the doped RE3+ ions. We have prepared various 
samples by doping 4 at% Eu2+ ion and 8 at% RE3+ ions (La3+, Ce3+, Pr3+, Nd3+, Sm3+, Gd3+, 
Dy3+, Er3+, Yb3+ and Y3+) and the results are presented in Fig. 2.14. It was found that the 
phosphorescence intensity (recorded 10 s after the excitation source was off) varied in the 
following order:  
Dy3+> Nd3+>> Pr3+> Er3+>> Gd3+~Yb3+>Ce3+> La3+>>Sm3+  
This trend is in accordance with the trap depths they form in the Sr4Al14O25:Eu2+ phosphors 
as observed by E. Nakazawa et.al. in the same  Sr4Al14O25:Eu2+ phosphor [24]. 
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Fig. 2.15. Variation of afterglow intensity of Sr4Al14O25:Eu2+ phosphor with some of the 
lanthanide additives, each additives being 8 at%. 
As mentioned already the phosphorescence intensity depends on the densities of 
traps located at suitable depths that can be released easily at room temperatures and combine 
with the excited Eu2+ ions to exhibit the phosphorescence. Thus, higher the RE3+ ions in the 
host, higher is the traps expected and higher the phosphorescence intensity. For the 
Sr4Al14O25:Eu2+ phosphor, Dy3+ was found to be suitable co-dopant due to formation of 
suitable trap. Thus, the detailed experiments regarding the effect of its concentration on the 
phosphorescence intensity and long afterglow duration was carried out. I found that as 
increasing Dy3+ ions concentration from 1 at% to 8 at%, the phosphorescence intensity 
increased gradually, attained maximum when it was 8 at% and then, on further increasing, it 
decreased as shown in inset Fig. 2.14. It can be assumed that small amount of Dy3+ is 
insufficient to form enough trap defects in the strontium aluminate matrix to capture 
sufficient holes. However, if the amount of doped Dy3+ is greater than 8 at%, the interaction 
between the nearby hole traps would be possible there by releasing these trapped holes 
easily at room temperature and fade the afterglow intensity and persistency rapidly. 
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Thus, in the Sr4Al14O25:Eu2+ phosphor, the optimum concentration of Eu2+ is 4 at% 
and that of Dy3+ is 8 at%. Under these doped concentrations the maximum phosphorescence 
intensity (3.17 Cd.m-2) and longest afterglow persistent time (longer 20 h over the value of  
5 mCd.m-2) was observed.  
 
Fig. 2.16. Variation of afterglow decay speed of Sr4Al14O25:Eu2+/Dy3+ phosphor according 
to the Dy3+ ions concentration. Inset figure shows the effect of Dy3+ concentration on the 
phosphorescence intensity. 
Figure 2.16 shows the effect of Eu2+/Dy3+ ratio and dysprosium concentrations on the 
afterglow decay speed of the Sr4Al14O25:Eu2+/Dy3+ phosphor. It is clear that the afterglow 
decay speed is slower when the Eu2+/Dy3+ ratio was ½, i.e. 4 at % Eu2+ and 8 at% Dy3+ 
which is in consistent with the results of A. Nag et al. [41]. If the Dy3+ concentration is 
small, the traps holes are negligible and it would empty in short time exhibiting shorter 
afterglow time. However, if the Dy3+ concentration is much high, it would trap much of the 
holes generated that lead to decrease the distance between trap holes and interaction 
between them would be increased. Thus, it would be possible to transfer trapped holes form 
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one Dy3+ ion to another and easily release it to the valence band. This process would also 
empty the trapped holes rapidly and quench the persistent phosphorescence. 
2.3.4. Effect of Composition 
It is well known that stoichometry of the component ions of a phosphor significantly 
affects the photoluminescence properties of a phosphor [17, 22, 26]. A non stoichometric 
composition may results either enhancement or quenching of the luminescence of the 
phosphor. T. Katsumata et.al. [22] reported that in the SrAl2O4:Eu2+/Dy3+ phosphor, the 
persistence time of phosphorescence vary dramatically with composition. Z.X. Yuan et.al. 
[17] reported that the deficit and stoichometric amount of strontium has equally strong 
luminescence intensity in the strontium aluminate phosphors. However, the luminescence of 
phosphor with excess of strontium is very weak compared to the other two. The reason has 
been explained on the basis of creation of some alternative relaxation paths through which 
the excitation energy may be lost. Also, the persistent luminescence intensity of these 
phosphors with strontium deficit phosphor is superior to those of others. It may be due to the 
formation of cation/anion vacancies that involved in the persistence luminescence. 
In the present study, I have prepared five different samples of Sr4Al14O25:Eu2+/Dy3+ 
phosphor varying Al to Sr ratio (R=Al/Sr) from 3.4 to 4.0. The sample with R value 3.5 is 
stoichometric, those less than 3.5 are Sr excess and greater than 3.5 are Sr deficit samples. 
From the Fig. 2.17, it is clear that the peak position of the phosphorescence spectra did not 
vary much with the composition range of R from 3.4 to 4.0. It implies that the same phase 
was formed irrespective of very small change in Sr to Al compositions. To confirm that the 
XRD patterns of these five samples with R value 3.4, 3.5, 3.6, 3.7 and 4.0 were analyzed. 
All these samples exhibited the same Sr4Al14O25 phase. Further, the crystal field which 
affects the 5d electron state of Eu2+ ions that can shift the peak position of the phosphor is 
not expected to change much by the Al to Sr composition variation of the 
Sr4Al14O25:Eu2+/Dy3+ phosphor due to the existence of same Eu2+ surrounding. However, the 
phosphorescence intensity was found to vary drastically with the variation of R value as 
shown in Fig. 2.17. The increased afterglow intensity in case of Al rich phosphor might be 
due to creation of large number of traps that plays important roles in the afterglow properties. 
Keeping the trap depth constant, the phosphorescence intensity is proportional to the 
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densities of the traps and its release rate [22]. In the Al excess samples the defects related to 
traps are expected to be higher exhibiting intense afterglow [1, 17]. Whereas in the phosphor 
samples with excess strontium, lack of cation vacancies may be dominantly responsible for 
the quenching of the persistent luminescence [17, 22]. 
 
Fig. 2.17. Variation of phosphorescence intensity according to the molar ratio of aluminum 
to strontium (Al/Sr=R) in the starting mixture. 
Figure 2.18 shows the variation of afterglow decay speed of the phosphor samples 
having various R values. These specimens were irradiated for 20 min by 15W xenon lamp 
before recording the afterglow decay curves. All these samples showed a rapid decay speed 
at first and subsequently long lasting phosphorescence. While increasing the concentration 
of Al with R value 3.4 to 4.0, the afterglow intensity and long persistent time duration of 
these phosphors first increased and then decreased when R value was over 3.7, i.e. the 
phosphorescence intensity and afterglow duration was higher for Al rich phosphors than that 
of Sr rich and stoichometric phosphors.  
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Fig. 2.18. Variation of afterglow decay speed of Sr4Al14O25:Eu2+/Dy3+ phosphor with the 
stoichometry of the starting materials (dots and solid lines are observed and fitted curves, 
respectively). Inset figure shows the effect of Al/Sr ratio on the afterglow intensity. 
The afterglow decay behavior of these phosphor samples can be analyzed by curve 
fitting method using the following multiple exponential equations [42]: 
I = Io + A1 exp (t/τ1) + A2 exp (t/τ2) + A3 exp (t/τ3)    2.8 
Where, I represents the phosphorescence intensity, A1, A2, A3 are constants, t is time and τ1, 
τ2, τ3 are the exponential components, respectively. Using the fitting functions, these 
parameters τ1, τ2 and τ3 can be calculated and the results are shown in Table 2.2. From the 
fitting curves results, the decay times τ1, τ2 and τ3 for the phosphor with R= 3.4 is the 
shortest. With the increase of R value from 3.4 to 3.7, the decay time of the phosphor also 
increased. However, when R value continues to increase over 3.7, the value of decay time 
became smaller. It has been normalized that the life time τ of trapped charge carrier is 
inversely proportional to the trapping probability, and depends exponentially on the ratio of 
trap depth to the thermal energy, ܧ் ܭ஻ܶൗ  . Consequently, the life time τ, and thus the 
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
0 500 1000 1500 2000 2500 3000
Time/s
A
fte
rg
lo
w
 in
te
ns
ity
 /C
d.
m-2
Al/Sr=3.7
Al/Sr=3.6
Al/Sr=3.5
Al/Sr=4.0
Al/Sr=3.4
I =Io + A1・exp(-t/τ1) + A2・exp(-t/τ2) + A3・exp(-t/τ3) [42]
0
0.5
1
1.5
2
2.5
3
3.5
3.4 3.5 3.6 3.7 3.8 3.9 4
In
te
ns
ity
/C
d.
m
-2
Al/Sr ratio
59 
 
luminescence is longer when the detrapping requires a higher energy [1, 17, 22, 33]. In 
simple words, higher the value of τ, the deeper was the trap depth becomes and hence the 
longer the persistent afterglow time duration of the phosphors. 
Table 2.2, Decay parameters calculated from decay curve fitting method for Sr4Al14O25:Eu2+/Dy3+ 
phosphor with different composition of strontium and aluminium (Al/Sr=R) in the starting mixture. 
Composition          
(R = Al/Sr) 
   Decay parameters A and τ(s) 
A1 τ1 A2 τ2 A3 τ3 
3.4 0.51 15.0 0.38 207.0 0.200 1850 
3.5 1.28 19.0 0.71 241.1 0.215 2350 
3.6 2.05 19.3 0.79 243.7 0.225 2550 
3.7 2.3 20.1 0.80 249.0 0.235 3051 
4.0 0.9 14.1 0.53 223.0 0.180 2300 
 
2.3.5. Effect of Charge compensators 
Co-doping rare metal ion (e.g. Dy3+) into the strontium aluminate phosphor by 
substituting Sr2+ sites generates lattice defects associated with the interstitial oxygen [26, 33, 
43]. These defects are known to be phosphorescence killers [44]. Co-doping various charge 
compensating ions like Li+, Na+, Ag+, Mg2+, Ca2+ etc. replaces part of Sr2+ or Al3+ by 
eliminating these oxygen related defects and improves the brightness of these 
SrAl2O4:Eu2+/Dy3+ phosphors [44]. Further, ionic radii of charge compensator ions were 
found to monitor the emission intensity of the phosphor. For example, co-doping the 
SrAl2O4:Eu2+/Dy3+ phosphor with Li+ (92 pm), Na+ (118 pm), and K+ (138 pm) ions, the 
possibility of entering and charge balancing capacity of Li+ will be higher due to smaller 
ionic radii of it compared to Sr2+ (118 pm) and subsequently increase the brightness of the 
phosphor [45].  
Thus, in this research I have investigated the luminescence of Sr4Al14O25:Eu2+/Dy3+ 
phosphor by substituting either strontium or aluminum by various ions like monovalent (Li+, 
Na+, Ag+),  divalent (Mg2+, Ca2+, Ba2+), trivalent (B3+), tetravalent (Si4+), hexavalent (W6+) 
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etc. Except B3+, most of the substituting ions have ionic radii comparable to Sr2+ ion and 
they are expected to occupy the Sr2+ sites in the Sr4Al14O25 host lattice. In case of divalent 
ions, they occupy strontium sites without charge imbalance due to isovalency. However, 
other ions substitution creates charge related defects that might be helpful to compensate the 
defects that already exist during the rare metal ions doping and may improve or deteriorate 
the phosphorescence intensity.  
 
Fig. 2.19. Variation of phosphorescence intensity of Sr4Al14O25:Eu2+/Dy3+phosphor with some 
of the charge compensating ions, each additives being 4 at%. 
Figure 2.19 shows the variation of phosphorescence intensity by co-doping with 
various charge compensating ions in the Sr4Al14O25:Eu2+/Dy3+ phosphor. It is found that Li+, 
Na+, Ca2+ and Ag+ ions co-doping enhanced the afterglow intensity in the increasing order. 
The optimum concentrations of monovalent (Ag+) and divalent (Ca2+) ions were found to be 
3 mol% and 10 mol%, respectively, for the Sr4Al14O25:Eu2+/Dy3+ phosphor to yield highest 
afterglow emission. Variation of phosphorescence intensity with Ag+ ions concentration in 
Sr4Al14O25:Eu2+/Dy3+ phosphor samples were shown in Fig. 2.20. It is clear that Ag+ ions 
addition gradually increased the phosphorescence intensity. Interestingly, 3 mol% Ag+ doped 
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Sr4Al14O25:Eu2+/Dy3+ phosphor sample exhibited almost 1.5 times increased 
phosphorescence intensity. However, beyond 3 at% Ag+ addition, the phosphorescence 
intensity decreased that might be due to concentration quenching process. No significant 
increase was observed co-doping with Li+ and Na+ ions. However, Si4+, W6+, Ba2+ and Mg2+ 
co-doping decreased the afterglow intensity of this phosphor in the increasing order. The 
reason for the enhancement of the afterglow intensity by doping with suitable charge 
compensating ions in optimum concentration is believed to be due to removal of the defects 
sites originated in the Sr2+ sites during the doping of RE3+ ions. Further, it is reported that 
suitable charge compensating ions increase the solubility of Eu2+ and Dy3+ ions in the host 
lattice and leads to increase the emission intensity [46]. 
 
Fig. 2.20. Variation of phosphorescence intensity of Sr4Al14O25:Eu2+/Dy3+/x at% Ag+ phosphor 
with Ag+ ions concentration. 
2.3.6. Effect of substitution with Ca2+ or Ba2+ ions 
It is agreed that the luminescence of Eu2+ ion in the strontium aluminate phosphor is 
due to the transition between the ground state and the excited state configuration of the Eu2+ 
ions. Even though, the 4f electrons are inert to environment of crystal field, the 5d electrons 
can be easily split by the crystal field. Thus the peak position of emission spectra strongly 
1
3
5
7
9
11
13
350 400 450 500 550 600 650 700
Wavelength/nm
Ph
os
ph
or
es
ce
nc
e 
in
te
ns
ity
/a
.u
.
3%Ag
2%Ag
1%Ag
4%Ag
0%Ag
6%Ag
8%Ag
62 
 
depends on the Eu2+ surrounding. Consequently, the Eu2+ ion can emit visible light of 
various colors under different crystal fields [47]. Host lattices with a high degree of 
covalency and/or large crystal field splitting at the site in which Eu2+ substitute can lead to 
efficient visible emission by absorbing light in the near UV to visible range of the 
electromagnetic spectrum. For example Eu2+ ion emits blue in CaAl2O4:Eu2+/Nd3+ phosphor 
[18], blue-green in Sr4Al14O25:Eu2+/Dy3+ phosphor [2] and green in SrAl2O4:Eu2+/Dy3+ 
phosphor [7].  
Thus, substitution of Sr2+ ions in Sr4Al14O25:Eu2+/Dy3+ phosphor by similar cations 
with smaller or bigger ionic radius is expected to change the crystal field around the Eu2+ 
ions and hence the optical properties. Replacement of part of Sr2+ ion with Ca2+ (smaller) or 
Ba2+ (bigger) is expected to shift the Eu2+ emission band in the Sr4Al14O25:Eu2+/Dy3+ 
phosphor because of the 5d electron crystal field changes that gives rise to shift in the 
emission peak position. In particular, the simultaneous presence of two different cations 
(Ca2+ and Sr2+ or Sr2+ and Ba2+) in a single crystal lattice enable and hence can control a 
gradual change of crystal field and covalence regime of the Eu2+ ion in the host crystal. This 
leads to gradual shift in the emission peak positions. C. Lui and J.L. Pascal et.al. [47, 48] 
have studied the influence of partial replacement of Sr2+ ions by other alkaline earth ions 
(e.g. Ca2+ or Ba2+) in SrAl2O4:Eu2+ phosphor. They found the substantial change in emission 
wavelength of Eu2+ ions in the phosphor. Therefore, I aim to investigate the change in 
crystal field structures of Sr4Al14O25:Eu2+/Dy3+ phosphor by partial or complete substitution 
of Sr2+ by Ca2+ or Ba2+ ions and its influence on the photoluminescence emission and 
afterglow properties. 
The phase purity and end compositions of Sr4Al14O25:Eu2+/Dy3+, CaAl4O7 or 
CaAl2O4:Eu2+/Dy3 and BaAl4O7 or BaAl2O4:Eu2+/Dy3+ phosphors were analyzed by X-ray 
powder diffraction analysis. Figure 2.21 and 2.26 show the XRD patterns of                     
Sr4-yCayAl14O25:Eu2+/Dy3+ and Sr4-zBazAl14O25:Eu2+/Dy3+ (y = z = 0, 0.2, 0.4, 0.6, 0.8, 2.0, 
3.2 and 4.0) phosphor samples, respectively. The Eu2+ and Dy3+ concentrations were 
optimized independently [in chapter 2.3.3], and kept at 4 at% and 8 at%, respectively, in the 
present study. The XRD patterns were compared with JCPDS standard values of the possible 
phases and marked with different symbols. For the Sr4Al14O25, CaAl4O7 and BaAl4O7 
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compositions, precise structure analyses have been already published [40, 49-50]. The 
diffraction peaks in Fig. 2.21 (a) can be indexed to the orthorhombic phase structure of 
Sr4Al14O25 (JCPDS card no. 52-1876), and no peaks of other phases were detected. With the 
increase of Ca content to y = 0.2 (Sr3.8Ca0.2Al14O25), 0.4 (Sr3.6Ca0.4Al14O25) and 0.6 
(Sr3.4Ca0.6Al14O25), the same Sr4Al14O25 phase was observed. It suggests that no new phase 
was formed. However, with increase of Ca content to y = 0.8 (Sr3.2Ca0.8Al14O25) and 2.0 
(Sr2Ca2Al14O25), a new phase (CaAl4O7) was appeared as shown in Fig 2.21(f, g) along with 
the major phase Sr4Al14O25. However, if the calcium content was increased to y = 3.2 
(Sr0.8Ca3.2Al14O25) and 1.0 (Sr0Ca4Al14O25), the Sr4Al14O25 phase was completely vanished 
and CaAl4O7 phase was observed as major phase (CaAl2O4 phase appeared as minor phase) 
as shown in Fig 2.21 (h and i). From the foregoing XRD analysis, it is concluded that the 
single phase region in Sr4-yCayAl14O25 was in between y = 0 to y = 0.6 (XCa = 0.00 to 0.15). 
In other words, Sr4Al14O25 phase remains a single phase in the Sr4Ca0Al14O25, 
Sr3.8Ca0.2Al14O25, Sr3.6Ca0.4Al14O25 and Sr3.4Ca0.6Al14O25 compositions while only calcium 
aluminate phases in Sr0.8Ca3.2Al14O25 and Sr0Ca4Al14O25 compositions. This indicates that 
solid solution of calcium was formed in strontium aluminate system up to 0.15 mol fraction 
of calcium and solid solution of strontium was formed in calcium aluminate system only up 
to 0.05 mole fraction of strontium, i.e. solid solubility of calcium is higher in strontium 
aluminate system than the solid solubility of strontium in calcium aluminate system. This 
might be due to size effect. Smaller the size of substituting cations easier is the substitution 
and higher would be the solid solubility. 
The interesting phenomenon is that the major diffraction peaks, e.g. (801) of 
Sr4Al14O25 phase shifted towards the higher diffraction angles with the increase of Ca mole 
fraction. The results were shown in Table 2.1. The 2θ values of the diffraction peak (801) 
shifted from 34.3o to 34.4o when the mole fraction of Ca increased from 0.0 (Sr4Ca0Al14O25) 
to 0.2 (Sr3.2Ca0.8Al14O25). The value of d (801) has been calculated by Bragg equation,        
2d sinθ = λ (λ=0.15418 nm). In Fig. 2.22, the value of the d (801) is plotted against mole 
fraction of Ca for Sr4-yCayAl14O25:Eu2+/Dy3+ phosphor samples. The shift of the diffraction 
peaks to larger angles is consistent with a contraction of Sr4Al14O25 crystal lattice 
parameters, which is ascribed to the substitution of much bigger Sr2+ ions (118 pm) by 
smaller Ca2+ ions (104 pm). 
64 
 
 
Fig. 2.21. XRD patterns of various mole fraction of calcium substituted                      
Sr4-yCayAl14O25:Eu2+/Dy3+ phosphors (0<y≤4). 
 
Fig. 2.22. Variation of value of d against mole fractions of Ca and Ba in the                     
Sr4-yCayAl14O25:Eu2+/Dy3+ and Sr4-zBazAl14O25: Eu2+/Dy3+ phosphor samples. 
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A similar study was carried out by substituting strontium by barium. The mole 
fraction of barium ൫ܺ஻௔  ൌ  ܤܽ ܤܽ ൅ ܵݎൗ ൯ was varied from 0.0 to 1.0. In the lower concentration 
of barium substitution  (XBa = 0.05 to 0.2), SrAl2O4 and BaAl2O4 phases were observed in 
addition to Sr4Al14O25 major phase (Fig. 2.23). For the XBa = 0.5 and higher barium mole 
fractions, instead of Sr4Al14O25 phase, only SrAl2O4, BaAl2O4 and BaAl4O7 phases were 
observed. It is clear that on increasing barium content, strontium aluminates phase decreased 
and BaAl4O7 phase increased gradually. As in calcium substitution, substitution of strontium 
by barium decreased the diffraction angle (e.g. in the 801 plane) to lower value as shown in 
Fig. 2.22. The shift of the diffraction peaks to smaller angles is consistent with the 
expansion of Sr4Al14O25 crystal lattice parameters that is due to the substitution of smaller 
Sr2+ site (118 pm) by much bigger Ba2+ sites (134 pm) in the lattice.  
 
Fig 2.23 XRD patterns of various mole fraction of Ba substituted Sr4-zBazAl14O25:Eu2+/Dy3+ 
phosphor (0<z≤4). 
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To understand the partial replacement of Sr2+ ions by the other alkaline earth ions 
(Ca2+ and Ba2+), it is good to compare the luminescence spectra of Eu2+ ions in the pure host 
lattices for all these three alkaline ion i.e. 4SrO.7Al2O3, 4CaO.7Al2O3  and 4BaO.7Al2O3. 
Figure 2.24 shows the absorption and emission spectra of these three extreme compositions 
i.e. 4CaO.7Al2O3 (CaAl4O7), 4SrO.7Al2O3 (Sr4Al14O25) and 4BaO.7Al2O3 (BaAl4O7 and 
BaAl2O4), each doped with 4 at% Eu2+ and 8 at % Dy3+ (measured at room temperature). 
The emission maxima are at 445 nm, 497 nm and 505 nm for Ca, Sr and Ba compounds, 
respectively. The onset of the 4f65d1 band in the emission spectra shift from higher energy to 
lower energy band on going from Ca to Sr to Ba and the band shift is wider on going from 
Sr to Ca than from Sr to Ba. The shift to higher energy of the 4f65d1 emission from Ba to Sr 
to Ca is due to two effects. First, the crystal field splitting of the d-manifold is smaller in the 
larger cation sites (BaAl2O4 or BaAl4O7). As a result the position of the lowest 5d level 
shifts to the higher energy site from Ca2+ to Sr2+ to Ba2+ host lattices. A second origin for the 
wider shift of the emission to higher energy from Ba to Sr to Ca is the strokes shift. The 
strokes shift is the largest for the Eu2+ emission in the Ca compound and smallest in the Ba 
compound. There is increasing evident that the equilibrium distance in the f to d excited 
states of the rare earth ions can be smaller than for the ground states [47]. Calculations and 
experimental results for Eu2+ and Ce3+ showed the bonding in 4f65d1 excited state is stronger 
than in ground state. As a result, the change in equilibrium distance in the 4f65d1 excited 
state results in largest relaxation and shift of the parabolas in the configuration coordinate 
diagram. On the other hand, when Eu2+ replaces larger cation (Ba2+), reduction of the 
distance between Eu2+ and the coordinating anions will be unfavorable, since the site is 
already large for Eu2+ (Eu2+<Sr2+<<Ba2+). The small relaxation will result in a small shift in 
the configuration coordinate parabola. This is reflected in the emission spectra by small 
stroke shift and narrow band width. 
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Fig. 2.24. Absorption and fluorescence spectra of three extreme compositions of Ca, Sr and 
Ba, viz. 4CaO.7Al2O3, 4SrO.7 Al2O3 and 4BaO.7Al2O3 phosphors doped with 4 at% Eu2+ 
and 8 at% Dy3+. 
The emission spectra of the Sr4-yCayAl4O25:Eu2+/Dy3+ (0<y≤4) phosphor samples 
doped with 4 at% Eu2+ and 8 at% Dy3+ are shown in Fig. 2.25. As seen in the spectra, the 
peak wavelength of the fluorescence spectra varies with the change of calcium 
concentrations. Only one emission band was observed from the emission spectra of Sr4-
yCayAl4O25:Eu2+/Dy3+ phosphor when y ranges from 0 to 0.8 (up to 0.2 mole fraction). 
However, the emission maxima gradually shift to higher energy site (blue shift) on 
increasing Ca concentration from 0 to 0.8. As seen from the XRD profile, no other new 
phases were observed till that concentration. It suggests that the substitution of Sr2+ ions by 
smaller Ca2+ ions in the Sr4Al14O25 lattice increases the covalency of Eu-O bond. This led to 
decrease in the energy splitting between the 5d levels of Eu2+ ions. Thus, the lowest 5d 
energy state would be at higher energy level and led to emission in higher energy side of the 
spectrum i.e. the blue shift in the emission was observed [15]. As the Ca concentration was 
increased to 2.0, there appeared two emission maxima, one nearly at 490 nm and the other at 
438 nm. As seen in XRD profiles (Fig. 1.21), two phases Sr4Al14O25 and CaAl4O7 were 
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appeared at that composition i.e. the solid solubility Sr and Ca components exceeded the 
limit and two separate phases were appeared. It is reported that CaAl4O7 emits at 440 nm 
[49]. Thus the peaks at 440 and 590 nm were due to emission of Eu2+ ions in the CaAl4O7 
and Sr4Al14O25 host, respectively. However, as the concentration of Ca was increased to 3.2, 
there appeared CaAl4O7 phase as a major phase with CaAl2O4 as a minor phase as seen in 
XRD profiles. At this concentration the solid solution of Sr in calcium aluminate compound 
was formed and the Eu2+ emission was observed only in CaAl4O7 host. As explained above, 
substitution of small Ca2+ ions in CaAl4O7 host by larger Sr2+ ions, the covalency of Eu-O 
bond decreases [51]. This lead to increase the difference between 5d levels of Eu2+ electrons 
and causes small red shift in the emission maxima from 440 nm to 443 nm when the 
concentration of Sr was changed from 0.0 to 0.2 in the CaAl4O7 mixture.  
Table 2.3 Summary of Ca substitution effects on the phase changes, lattice parameters, and 
photoluminescence emission and afterglow properties of Sr4-yCayAl14O25:Eu2+/Dy3+ 
phosphor (0<y≤4) (Fluor.max. = Fluorescence maxima and Phos.max. = phosphorescence 
maxima). 
Samples 
Ca=0 
(XCa=0) 
Ca=0.2 
(XCa =0.05) 
Ca=0.4 
(XCa =0.1)
Ca=0.6 
(XCa =0.15) 
Ca=0.8 
(XCa =0.2) 
Ca=2.0 
(XCa =0.5) 
Ca=3.2 
(XCa =0.8) 
Ca=1.0 
(XCa=1.0)
Phases Sr4Al14O25 Sr4Al14O25 Sr4Al14O25 Sr4Al14O25 Sr4Al14O25 
CaAl4O7 
Sr4Al14O25 
CaAl4O7 CaAl4O7 
2θ value 
D(220) 
34.3 
0.13681 
34.32 
0.13673 
34.34 
0.13667 
34.38 
0.13651 
34.4 
0.13643 
34.52 
0.13603 
34.62 
0.135698 
34.82 
0.13501 
Fluor.max. 502 498.5 497 498 497 492, 438.5 440 442 
Phos.max. 498.17 497.97 497.5 497.17 497 495.5 442,545 442 
CIE   (XY- 
value) 
X=0.2022 
Y=0.4381 
X=0.1901 
Y=0.4183 
X=0.1850 
Y=0.4028 
X=0.1754 
Y=0.3679 
X=0.1667 
Y=0.3562 
X=0.1995 
Y=0.2832 
X=0.1595 
Y=0.2217 
X=0.148 
Y=0.167 
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Fig. 2.25. Fluorescence spectra of Sr4-yCayAl14O25:Eu2+/Dy3+ phosphor substituted with 
various mole fractions of Ca (0<y≤4). 
Figure 2.26 shows the XYZ color coordinate diagram of Sr4-yCayAl14O25:Eu2+/Dy3+ 
phosphors substituted with different concentrations of calcium. By substituting small 
amount of Sr by Ca up to 0.2 mole fraction, there was gradual shift in the color co-ordinate 
values of the phosphor samples. However, there was abrupt change in the emission color of 
the phosphor on increasing Ca mole fraction from 0.2 to 0.5. This is due to appearance of a 
new phase (CaAl4O7). Further, it is found that on going from strontium aluminate 
compounds to calcium aluminate compounds, a bluish white color was observed when 0.7 to 
0.8 mole fraction of Sr was substituted. Thus the emission color and the color and the color 
rendering index of the phosphor can be controlled by the control of host lattices.  
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Fig. 2.26. XYZ color coordinates of various mole fraction of calcium substituted              
Sr4-yCayAl14O25:Eu2+/Dy3+ phosphors (0<y≤4). 
 The digital images of Sr4-yCayAl14O25:Eu2+/Dy3+ phosphors substituted by various 
mole fractions of calcium are shown in Fig. 2.27 where Fig. (a) were images taken in 
presence of black light i.e. the fluorescence color whereas Fig. (b) were images taken in 
absence of black light (exposed to black light for 10 minutes before capturing the images) 
i.e. phosphorescence color. It is clearly seen that Sr4Al14O25:Eu2+/Dy3+ phosphors exhibited 
blue-green emission while that of CaAl4O7:Eu2+/Dy3+ exhibited blue emission. The emission 
gradually changed from green to blue side of the spectrum on increasing the calcium 
concentration. The same trend was observed in the case of phosphorescence color (Fig. 
2.27(b)). The interesting point is that on going from Sr rich samples to Ca rich samples, a 
bluish-white emission was observed, especially, in between 0.7 to 0.8 mole fraction of Ca 
substitution. The bluish-white emission was due to the mixing of the blue emission in 
CaAl4O7:Eu2+ phosphor and green emission in SrAl2O4:Eu2+ phosphor.  
XYZ Color coordinate plot
Ca=0.05
Ca=0.5
Ca=0.8
C=1.0
Ca=0
Ca=0.15
Ca=0.2
Ca=0.8
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
ｘ co-ordinate
y 
co
-o
rd
in
at
e
71 
 
 
Fig. 2.27. Photographs of Sr4-yCayAl14O25:Eu2+/Dy3+ phosphors (0<y≤4), (a) Fluorescence 
color in presence of excitation light and (b) phosphorescence color, after removing 
excitation light (the number indicates the mole fraction of calcium). 
However, the phosphorescence intensity of the phosphor was very dim and faded 
rapidly remaining green afterglow within few seconds. It is reported that CaAl4O7:Eu2+ 
phosphor exhibit very short afterglow. Thus, the blue component of the emission faded out 
within few seconds and remained only green emission. Further, it is found that the relative 
intensities of phosphorescence were dependent on the calcium content of the phosphor. 
Figure 2.28 shows that increasing concentration of calcium increased the phosphorescence 
intensity up to     XCa = 0.15 without any change in spectral profile with peak maxima at 497 
nm. It is reported that substitution of Sr2+ by RE3+ ions creates defects associated with 
interstitial oxygen that acts as phosphorescence killer [26, 43].  Insertion of small amount of 
Ca2+ ions replace these defects sites and enhance the afterglow intensity. However the 
phosphorescence intensity decreased on increasing the Ca2+ concentrations above the value 
of XCa = 0.15 and the decrease was due to the formation of other phases viz. CaAl2O4 and 
CaAl4O7 as seen in XRD profiles. These CaAl2O4:Eu2+/Dy3 and CaAl4O7:Eu2+/Dy3 
phosphors exhibits lower phosphorescence intensity than that of the Sr4Al14O25:Eu2+/Dy3 
phosphor.  
(a) (b) 
0.15Ca0.1Ca 0.05Ca0Ca
1.0Ca 0.5Ca 0.8Ca 0.2Ca
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Fig. 2.28. Phosphorescence peaks (recorded 10s after source light was off) for various mole 
fractions of Ca substituted Sr4-yCayAl14O25:Eu2+/Dy3+ phosphors (0<y≤4). The inset figure 
shows the enlarged phosphorescence curve of 1.0 and 0.8 mol fraction Ca substituted 
samples. 
A similar study was carried out by substituting strontium by different mole fractions 
of barium varying from XBa=0 to 1. The fluorescence emission spectra of those barium 
substituted Sr4-zBazAl14O25:Eu2+/Dy3+ phosphor samples are shown in Fig. 2.29. Unlike 
calcium substitution, barium substitution decreased the emission intensity of the phosphor 
samples. On increasing barium concentration the emission intensity decreased sharply up to 
0.8 mole fraction of barium substitution. However, the emission intensity was higher for 
pure barium aluminate phosphor than the mixture of Ba and Sr compounds. It is reported 
that when Eu2+ replaces larger cation (Ba2+), reduction of the distance between Eu2+ and the 
coordinating anions will be unfavorable, since the site is too large for Eu2+ ions. Thus, the 
stability of europium ions is reduced that reduces the solubility of europium in the host and 
decreased the emission intensity. Further, with the increase of barium concentration, the 
emission maximum shifted towards the green side of the spectrum (red shift), but the trend 
was not smooth like calcium substitution. As explained above, at lower concentrations, 
substitution of strontium by barium ions reduces the covalency and 4f65d1 band is shifted to 
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the lower energy side that led to the red shift in the emission maximum. However, at the 
higher barium concentrations, the BaAl2O4, SrAl2O4 and BaAl4O7 phases were formed, as 
seen in XRD patterns. The Eu2+ emits at higher wavelength side of the spectrum in these 
hosts than that of the Sr4Al14O25 host [18, 22, 50]. 
 
Fig 2.29 Fluorescence spectra of various mole fraction of Ba substituted   
 Sr4-zBazAl14O25:Eu2+/Dy3+ phosphors (0<z≤4). 
Figure 2.29 shows the phosphorescence spectra of different mole fraction of barium 
substituted Sr4-zBazAl14O25:Eu2+/Dy3+ phosphors (recorded 10s after the excitation source 
was switched off). There was no any enhancement of phosphorescence intensity and 
afterglow duration by barium substitution. In the contrary, there was sharp decrease in the 
phosphorescence intensity and afterglow duration. On increasing the barium concentrations, 
both the phosphorescence intensity and the afterglow duration decreased. It indicates that 
unlike calcium, barium substitution is ineffective to remove the defects sites (supposed as 
phosphorescence killer) generated during the incorporation of Re3+ ions in the host. Further, 
substitution of larger ions (Ba2+) to the strontium sites decreases the stability of Eu2+ and 
Dy3+ ions in the host that reduce the solubility of Eu2+ and Dy3+ in the host and hence the 
photoluminescence properties was reduced. 
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Fig 2.30 Phosphorescence spectra of different mole fraction of barium substituted             
Sr4-zBazAl14O25:Eu2+/Dy3+ phosphors (0<z≤4). 
Table 2.4. Summary of Ba substitution effects on the phase changes, lattice parameters and 
photoluminescence emission and afterglow properties of Sr4-zBazAl14O25:Eu2+/Dy3+ 
phosphors (0<z≤4) (Fluor.max. = Fluorescence maxima and Phos.max. = phosphorescence 
maxima). 
Samples 
Ba=0 
(XBa=0) 
Ba=0.2 
(XBa=0.05) 
Ba=0.4 
(XBa=0.1) 
Ba=0.6 
(XBa=0.15 
Ba=0.8 
(XBa=0.2) 
Ba=2.0 
(XBa=0.5) 
Ba=3.2 
(XBa=0.8) 
Ba=1.0 
(XBa=1.0) 
Phases Sr4Al14O25 Sr4Al14O25 Sr4Al14O25
Sr4Al14O25 
BaAl4O7 
SrAl2O4 
BaAl4O7 
BaAl4O7 
SrAl2O4 
BaAl4O7 
BaAl2O4 
BaAl4O7 
BaAl2O4 
2θ value 
D(220) 
34.3 
0.13680 
34.24 
0.136701 
34.12 
0.13744 
34.02 
0.13756 
33.96 
0.13800 
33.94 
0.13808 
34.62 
0.13652 
34.82 
0.13673 
Fluo.max.  502 500 497 511 498 430, 520 440, 507 507 
Phos.max. 497 498 499 502 495 521 514 510 
CIE(XY- 
value) 
X=0.2022 
Y=0.4381 
X=0.189 
Y=0.399 
X=0.1847 
Y=0.3892 
X=0.1786 
Y=0.3297 
X=0.1797 
Y=0.3613 
X=0.21644 
Y=0.33038 
X=0.1887 
Y=0.2958 
X=0.1738 
Y=0.3735 
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2.3.7. Effect of size and type of starting alumina particles 
Shape and size of phosphor particles plays important role for the photoluminescence 
properties. When the particle size reaches nano scale, new properties are appeared like the 
blue shift of emission intensity [52]. If the phosphor particles are regular and flat plate like, 
they are expected to give a better light absorption and form a dense compact by their 
orientation, resulting higher photoluminescence intensity. The shape and size of the 
phosphor particles can be controlled by selecting proper crystal type and particle size of 
starting materials as well as the methods of preparation. Control of particles shape and size 
has been already explored by many researchers using various methods of preparations like 
sol-gel method [53], chemical precipitation method [54], chemical combustion method [55] 
and many more. I will discuss the effect of synthetic methods on the control of particle 
shape and size of Sr4Al14O25:Eu2+/Dy3+ phosphor in the next chapter. Here, I report the 
effect of raw Al2O3 powder type and its sizes on the control of phosphor morphology and the 
photoluminescence properties of Sr4Al14O25:Eu2+/Dy3+ phosphor. 
 
Fig. 2.31. X-ray diffraction pattern of Sr4Al14O25:Eu2+/Dy3+ phosphor prepared using         
(a) 0.05µm, (b) 0.1µm and (c) 1.0µm alumina at 1350oC. 
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The X-ray diffraction patterns of the phosphor specimens prepared using three 
different types of Al2O3 (0.05 µm-γ-type, 0.1 µm - α-type and 1 µm - α-type) were same and 
all the peaks were well indexed with the JCPDS card value (52-1876) of pure Sr4Al14O25 
phase (Fig. 2.31). This result indicates that the change of particle size and crystal type of 
starting Al2O3 did not affect the Sr4Al14O25 phase formation while keeping all other 
synthetic conditions constant. 
 
Fig. 2.32. SEM microstructure of Sr4Al14O25:Eu2+/Dy3+ phosphor prepared using                
(a) 0.05µm; γ-Al2O3, (b) micrograph (a) at higher magnification, (c) 0.1µm; α-Al2O3               
and (d) 1.0µm; α-Al2O3. 
Figure 2.32 shows the SEM microstructure of these three samples prepared using 
Al2O3 of different particle sizes, (a) 0.05 µm (γ-type), (b) 0.1 µm (α-type) and (c) 1.0 µm (α-
type). Although the same phase was observed (as in XRD observations), their 
microstructures were quite different. When γ-Al2O3 of smaller particle size was used as 
precursor powder, a ball like microstructure composed of spikes or elongated plates was 
observed. The average size of the plate like particle was roughly 1 µm long, 0.2 µm wide 
1µm 2µm 
2µm 1µm 
 (a)  (b) 
 (c)  (d) 
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and 20 nm thick. Due to formation of regular and smaller particles, these small plates 
overlapped with each other and formed compact ball like structure. The average size of 
these balls was about 3 µm in diameter. When 0.1µm α-Al2O3 was used, irregular porous 
microstructure composed of bigger and thicker hexagonal plates of nearly 1 µm long, 0.75 
µm wide and 0.5 µm size was observed as shown in Fig. 2.32(b). These plates get connected 
with each other and formed walls, making a bit spongy structure. However, using α-Al2O3 of 
1.0 µm particle size, much bigger but thinner, irregular flat plates of nearly 3 µm long 2 µm 
wide and 30 nm thick was observed as in Fig. 2.32(c). Due to the high aspect ratio of the 
irregular plates, much porous microstructure was formed. The porous microstructure was 
further supported by the density of the as prepared pellets that decreased on increasing the 
particle size of raw alumina powder and also the phosphor particles (0.05µ Al2O3 – 1.91 
g/cm3 > 0.1µ Al2O3 – 1.87 g/cm3 > 1.0µ Al2O3 – 1.80 g/cm3). The particle shape dependency 
according to the starting alumina powder may be explained on the basis of dissolution and 
precipitation mechanism [56]. The detail mechanism for the explanation of different shape 
according to the starting material is still unclear and left for the further work. 
Figure 2.33 shows the absorption and phosphorescence spectra of 
Sr4Al14O25:Eu2+/Dy3+ phosphor prepared using 0.05 µm, 0.1 µm and 1.0 µm Al2O3 as 
starting materials. All these phosphor samples prepared using these three types of Al2O3 
were excited by the light of 220 to 440 nm wavelength. These samples gave similar 
emission spectra with emission maximum centered at 497 nm showing blue-green color. 
However, there was a small blue shift in the case of phosphor prepared using 0.05 µm Al2O3. 
It is obvious that decrease in particle size increases the surface energy, which results in the 
distortion of structure around the Eu2+, consequently, the blue shift in the emission peak is 
possible [52]. The phosphorescence intensity of these phosphors, however, varied drastically 
according to the used raw alumina powder as shown in the Fig. 2.33. The phosphorescence 
intensity (recorded 10s after the excitation source was switched off) for the phosphor 
samples from 0.05 µm, 0.1 µm and 1.0 µm Al2O3 were 2316, 1379 and 1025 mcd.m-2, 
respectively. The emission intensity increased with decreasing Al2O3 particle size and 
became highest for the phosphor prepared using 0.05 µm Al2O3. The decrease in 
phosphorescence intensity might be due to formation of bigger particles with much porous 
microstructure on increasing the Al2O3 particle size as explained in the SEM microstructure 
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observations and the schematic diagram in Fig. 2.34. As seen in Fig. 2.34, the surface 
structure and powder particle size greatly monitors the light absorption and hence the 
emission properties. If the surface is rough, it has higher absorption capacity than the 
smooth surface. Further, the bigger particles by their orientation scatter the emitted light in 
undesired direction that reduces the emission intensity in the desired directions. Obviously, 
as packing density decreases, the volume content of the phosphor decreases leading in the 
decrease of the emission intensity of the phosphor.  
 
Fig. 2.33. Absorption and emission spectra of Sr4Al14O25:Eu2+/Dy3+ phosphor prepared 
using (a) 0.05µm; γ-Al2O3, (b) 0.1µm; α-Al2O3 and (c) 1.0µm; α-Al2O3 as precursor powder. 
 
0.1
0.3
0.5
0.7
0.9
1.1
1.3
210 260 310 360 410 460 510 560 610 660 710
Wavelenght/nm
In
te
ns
ity
/a
.u
. 
1
3
5
7
9
11
13
15
170.05µAl
0.1µAl
1.0µAl
ABS. EMIS.
79 
 
 
Fig. 2.34. Schematic diagrams to show the effect of phosphor particles shape and size on 
photoluminescence properties. 
Figure 2.35 shows the change in the afterglow emission intensity and the decay 
speed of these phosphor products with time. The afterglow intensity was decreased by 
nearly 1/10th of the initial intensity within few minutes. The afterglow intensity and 
persistent duration were higher for the phosphor prepared using 0.05 µm γ-Al2O3 and its 
afterglow duration was more than 20 h (over the value of 5 mcd.m-2). The longer afterglow 
duration of the smaller particles phosphor may be explained as: upon exposure to light 
source, the direct excitation of Eu2+ due to 4f7 → 4f65d1 transition occurs (Chapter I, Fig. 
1.3), and a great numbers of holes are generated near the valence band. Some of these free 
holes are released thermally to the valence band, migrates through the valence band and 
captured by the Dy3+-borate complex [24, 27]. When the excitation source is removed, the 
trapped holes are released thermally to the valence band, migrates to the excited Eu2+ ions 
and, consequently, the recombination take place, which leads to the long afterglow.  So, the 
long afterglow duration depends on the number of captured holes. The numbers of captured 
holes, in turn, depends on the concentration of Dy-borate complexes and the trap depth of it. 
With decrease of particle size, the blue shift of the trap depth occurs [52] that leads to 
increase in the afterglow duration.  
Table 2.5 shows the various properties of these three phosphors. The decay 
parameter, τ, calculated using the exponential curve fitting technique for these phosphor 
samples decreased on increasing the particle size of the phosphors. It is found that the decay 
parameter, τ value, was longest for the phosphor prepared using 0.05 µm γ-Al2O3 and 
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shortest for the phosphor prepared using 1.0 µm α-Al2O3. It has been normalized that higher 
the value of τ, the deeper was the trap depth becomes and hence the longer the persistent 
afterglow time duration of the phosphors. 
Table 2.5 Optical properties and decay parameters of Sr4Al14O25:Eu2+/Dy3+ phosphor 
prepared using (a) 0.05 µm γ-Al2O3, (b) 0.1 µm α-Al2O3 and (c) 1.0 µm α-Al2O3. 
Phosphor 
samples  
Used Al2O3  
(size, type) 
 
Maximum 
afterglow 
intensity 
Persistent 
Time(h) 
(≥5mcd/m-2) 
Used Al2O3 
(size, type) 
 
Decay parameter, τ(s) 
τ1 τ2 τ3 
(a) 0.05 µ (γ) 2316 17 0.05 µ (γ) 19.7 190.0 2290 
(b) 0.10 µ (α) 1379 14 0.10 µ (α) 13.73 139.3 1670 
(c) 1.00 µ (α) 1025 10 1.00 µ (α) 11.85 95.0 1190 
 
 
Fig. 2.35. Effect of Al2O3 particle size on the phosphorescence intensity and afterglow 
decay speed of Sr4Al14O25:Eu2+/Dy3+ Phosphor (dots and solid lines are observed and fitted 
curves, respectively). Inset figure shows the variation of afterglow intensity of phosphor 
with Al2O3 particles size. 
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2.4. Conclusions 
Sr4Al14O25:Eu2+/Dy3+ phosphor with high brightness and long persistent 
phosphorescence was synthesized by the solid state reaction method at 1350oC. Highly 
crystalline, single phase Sr4Al14O25 phosphor was observed when 3.5 mol% boric acid was 
used as a flux. SEM results revealed that the particles shape and size was determined by the 
amount of boric acid as a flux. When 3.5 mol% boric acid was used, fine particles with 
higher angularity was obtained. EDX mapping results revealed that the Eu2+ and Dy3+ ions 
were homogeneously dispersed into the phosphor matrix when 3.5 mol% boric acid was 
used. Further, boric acid helps the Eu2+ and Dy3+ ions to disperse throughout the matrix and 
increased their concentration. The broad band UV-visible excited luminescence of the 
Sr4Al14O25:Eu2+/Dy3+ phosphor was observed in the blue-green region (λmax = 497 nm) due 
to transitions from the 4f65d1 to the 4f7 configuration of the Eu2+ ion in the Sr4Al14O25 
crystal. The phosphorescence characteristics were highly influenced by the addition of small 
amounts of H3BO3 in the starting mixture and maximum photoluminescence properties were 
observed on adding 3.5 mol% boric acid. When the samples were preheated at 1000oC and 
then reduced at 1350oC in 10% H2 and 90% N2, better photoluminescence properties were 
observed. The optimum concentration of the emission center (Eu2+) for higher brightness 
was found to be 4 at%. Out of various trivalent rare earth metal ions, Dy3+ was found to be 
the most affective to enhance the phosphorescence properties due to formation of suitable 
trap in the Sr4Al14O25 matrix. When doped Eu2+ concentration was 4 at% and co-doped Dy3+ 
was 8 at%, the phosphor exhibited the highest phosphorescence intensity and longest 
afterglow persistency. The decay curve fitting results revealed that the phosphor with the 
aluminium to strontium ratio (Al/Sr) of 3.7 had deeper trap depths and hence showed the 
longer afterglow duration over other compositions. Addition of 3 mol% Ag+ as charge 
compensator dramatically enhanced the brightness of the phosphor (greater than 2 fold) that 
may be due to removal of the lattice defects formed during replacement of strontium by 
trivalent rare metal ions. Use of γ-alumina of 0.05µm size as a raw powder during the 
synthesis of phosphor was found to be effective for the formation of regular particles with 
smaller particles size over the other alumina type (0.1 µ and 1.0 µ) and evinced better 
photoluminescence characteristics. Substitution of part or whole of Sr sites by Ca or Ba ions 
can effectively monitor the color of emission light and its CIE values. When 0.7 to 0.8 mole 
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fraction of Sr was substituted by Ca, bluish-white fluorescence was observed, however the 
persistent time of the bluish-white afterglow was very short and need to get improved before 
applications.  
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Chapter III 
 
Comparative investigation on the synthesis and photoluminescence 
properties of Sr4Al14O25:Eu2+/Dy3+ phosphor 
3.1. Introduction 
 Of the phosphors, the alkali earth aluminates containing rare earth ions are functional 
inorganic materials with strong luminescence in the range from blue to red regions of the 
spectrum [1-3]. These materials are widely used for such devices “glow-in-dark” items as; 
safe helmets, direction indicators and signs, robber shoe soles, varieties of toys and the like 
due to their better safe, chemical stability, excellent photo resistance, very bright and long-
lasting afterglow with no radio-active radiations and hence forms the important materials in 
various ceramics industries [4]. 
 In recent years, SrAl2O4 and Sr4Al14O25 phosphors doped with Eu2+ and Dy3+ ions 
have been regarded as excellent phosphors and attracted the researcher’s interest [1-6]. For 
the improvement of phosphorescent properties, research has been focused on regarding 
additives, molar ratio of constituents and the preparation methods [4-6]. Z. Wu et al. 
reported the control of particle size by adopting the sol-gel and co-precipitation methods [6]. 
It was found that the shape and size of phosphor particles plays important role for the 
fluorescence properties of Sr4Al14O25:Eu2+ phosphor. When the particle size reaches the 
nano scale, new properties are appeared like the blue shift of emission intensity [7]. If the 
phosphor particles are flat plate like, they are expected to give a better light absorption and 
form a dense compact by their orientation, resulting higher photoluminescence intensity.  
The solid state reaction process has been used intensively for phosphor synthesis in 
spite of its poor homogeneity leading to irregular morphology, high calcinations temperature 
and long time of calcinations. Furthermore, the phosphor particles prepared by this method 
is much bigger in the range of several tens of micrometers. To get smaller particle powder 
high energy grinding is required that destroy the crystal structure and hence the 
photoluminescence properties. 
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Phosphor of smaller particles size can be synthesized by the liquid phase reaction 
methods like sol-gel [8-10], co-precipitation [11] microwave [12] and combustion [13] 
synthesis methods. In the liquid phase synthesis methods, each component (especially, 
activator ions) can be accurately controlled and uniformly dispersed throughout the 
phosphor materials, which is of prime importance for the phosphor properties. Further, the 
liquid phase synthesis methods like sol-gel, chemical combustion, and chemical co-
precipitation methods are often used as low temperature routes to incorporate the activator 
ions into the phosphor host lattices. Use of surfactants and capping agents like glycerol etc 
can aid in the precise control of a chemical reaction and hence the morphology of the 
phosphor particles.  
The solution combustion method to prepare rare earth activated alkaline earth 
aluminates is an efficient and facile method which takes hardly few minutes and has been 
extensively used for the preparation of various oxides and aluminates materials [12-15]. 
Further, combustion method is a liquid phase synthesis method in which each component 
can be accurately controlled and uniformly mixed to get the homogenous materials. The 
combustion synthesis technique makes use of heat released during the redox exothermic 
reactions between nitrate precursors and fuels like urea at relatively lower temperatures [16]. 
The excessive heat released during combustion reaction completes the reaction in very short 
time producing small particles with high crystallinity. Further, the Eu3+ ions can be easily 
reduced to Eu2+ at relatively lower sintering temperature, which otherwise needs very high 
temperature and slightly reducing environment. 
 Sol-gel method is one of the most important techniques for the synthesis of various 
functional materials, especially, phosphors because it offers many advantages over solid 
state method such as higher uniformity in mixing in solution form and hence homogeneous 
particle size distribution, non agglomeration due to use of dispersing agents like glycerol 
leading to formation of smooth and homogenous particles and hence higher excitation and 
emission intensities. The surface area of powders produced from sol-gel method is very high 
that provides better thermal conductivity when excited with high energy photons [17]. In 
general, different preparation method may greatly influence the crystallization, morphology, 
particle size, and luminescence characteristics of phosphor materials. 
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 Thus, in this chapter, I aim to report the preparation of Sr4Al14O25:Eu2+/Dy3+ 
phosphor samples by solid state, sol-gel and chemical combustion methods. Then, the 
comparative studies on the morphology and photoluminescence properties of these phosphor 
samples have been explained in detail.  
3.2. Experimental 
3.2.1. Synthesis of Sr4Al14O25:Eu2+/Dy3+ phosphor by solid state method 
 The starting materials, strontium carbonate (SrCO3; Aldrich, 99.9+ %), aluminum 
oxide (Al2O3; Baikalox, ultrapure nano-powder), europium oxide (Eu2O3; Aldrich, 99.9+ %) 
and dysprosium oxide (Dy2O3; Aldrich, 99.9+ %) with molar ratio of 3.88:14.00:0.04:0.08 
for Sr:Al:Eu:Dy were mixed thoroughly using mortar and pestle using a little ethanol. Small 
amount (3.5 mol %) of boric acid (Aldrich, AR) was added as a flux to accelerate the 
reaction. Pellets were prepared and heated in ambient air atmosphere at 1000oC for 4 h. The 
product was pulverized and again prepared in the form of pellet and then heated in reducing 
atmosphere of 10% H2 and 90% N2 by flowing 20 ml/min H2 and 180 ml/min N2. The 
product was hard solid material that was grinded finely and used for characterization and 
photoluminescence measurements. 
3.2.2. Synthesis of Sr4Al14O25:Eu2+/Dy3+ phosphor by combustion method 
The stoichometric compositions of the redox mixture for solution combustion were 
calculated using total oxidizing and reducing valences of the species which  serves as the 
numerical coefficients for the stoichometric balance so that equivalent ratio of oxidant to 
reductant is  unity [18]. Thus, the stoichometry for the Sr4Al14O25 matrix becomes 
3.38Sr(NO3)2 + 14Al(NO3)3 + NH4NO3 + 42CO(NH2)2. In the typical experiment, the 
combustion synthesis of Sr4Al14O25:Eu2+/Dy3+ is as follows: 5.66g Sr(NO3)2 + 35.5g 
Al(NO3)3  + 0.54g NH4NO3 + 0.112g Eu(NO3)3 + 0.234g Dy(NO3)3 + 0.165g H3BO3 + 
17.10g urea were dissolved in minimum amount of pure water at 70oC by stirring for 2 h. 
Then the beaker containing the mixture was inserted inside the muffle furnace maintained at 
530oC. Initially, the solution boiled, frothed, foamed and caught fire. Then the fire 
propagates to its own leading to the completion of reaction in less than five minutes. The 
white foamy voluminous product (precursor powder) was crushed and used for 
characterization such as phase analysis, crystallinity, color co-ordinate and 
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photoluminescence properties. To get the highly crystalline phosphor, the precursor powder 
was again sintered in the form of small pellets in slightly reducing atmosphere of 10 % H2 in 
N2 for 3-5 h at higher temperatures.  
3.2.3. Synthesis of Sr4Al14O25:Eu2+/Dy3+ phosphor by sol-gel method 
 A mixed solutions with a molar ratio of 3.38:14.00:0.04:0.08 for Sr:Al:Eu:Dy using 
corresponding metal nitrates was prepared and mixed thoroughly in a magnetic stirrer. Then 
the solution was added drop wise to the citric acid solution under stirring so that the molar 
ratio of metal to citric acid was 1:3. A small amount of ethylene glycol was added to avoid 
the agglomeration. After evaporating the solution at 80oC water bath for 5 h, a transparent 
light yellow viscous gel was formed. The gel was then heated at 150oC for 12 h to get a dry 
yellowish precursor powder. Subsequently, this solid precursor powder was calcined at 
800oC for 5 h. Then the white powder obtained was mixed with little (3.5 mol%) boric acid  
and finely grounded using mortar and pestle and sintered at 1200oC for 4 h in weak reducing 
atmosphere of 10% H2 and 90% N2 to get the final phosphor product. 
3.2.4. Characterizations 
 Phase identification was carried out using a Shimadzu XRD-630D instrument with 
Cu-Kα radiation at room temperature. Scanning Electron Microscopy (SEM) observations 
were carried out using a Hitachi S-3000N SEM instrument. Photoluminescence (PL) spectra 
were measured using USB 4000 UV-VIS miniature fiber optic spectrometer (Ocean optics). 
The decay curves were obtained using a brightness meter (Konica Minolta LS-100). Before 
afterglow measurements, the phosphor samples were exposed to 15W xenon lamp for 20 
minutes. All the measurements were carried out at room temperature. 
3.3. Results and discussion 
 XRD patterns of the phosphor samples synthesized by sol-gel (SG), combustion 
(CB) and solid state (SS) methods are shown in Fig. 3.1. The different peaks can be indexed 
to the Sr4Al14O25 phase (JCPDS 52-1876), which has been refined to be orthorhombic 
crystal structure with Pmma space group and cell parameters of a = 24.785 ܣሶ, b = 8.487 A｡ 
and c = 4.866 A｡, and are in good agreement with the literature values [19]. The combustion 
powder prepared at 530oC (CB-530) showed some peaks of SrAl2O4 due to low reactive 
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temperature but the post annealed combustion powder at 1350oC (CB-1350) can be well 
indexed to the pure Sr4Al14O25 phase. From the diffraction intensity, it can be seen that the 
order of crystallization degree for the phosphor is CB-1350≈SS>SG>CB-530. This is also in 
accordance with the firing temperature, since the crystallinity increases with the increase of 
firing temperatures. 
 
Fig. 3.1. XRD profiles of Sr4Al14O25:Eu2+/Dy3+  phosphor prepared by (a) Sol-gel (SG-
1200), (b) Combustion at 530oC (CB-530), (c) CB-530 powder post annealed at 1350oC 
(CB-1350) and (d) Solid state (SS) methods. 
In Fig. 3.2, SEM images of Sr4Al14O25:Eu2+/Dy3+ phosphor prepared by solid state, 
chemical combustion and sol-gel methods are presented. The phosphor particles prepared by 
sol-gel method appeared regular, cylindrical solid structures with 5-10 µm long and 1-2 µm 
in diameter. This is the benefits of the sol-gel method where particles with regular 
morphology can be achieved due to liquid phase synthesis. The precursor powder prepared 
by combustion method showed irregular network like structures with lots of voids, pores 
and networks. The pores and voids were produced during the escaping of gaseous products 
during the combustion of nitrates and fuel. Even though, a bit rough and irregular 
morphology, the particle size was tremendously smaller in the nano order. The particles 
connected together forming bigger network like structure. The combustion precursor powder 
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(CB-530) post annealed at 1350oC (CB-1350) showed irregular but highly crystalline 
structure with average particle size of 1 to 2 µm whereas the particles prepared by solid state 
method (SS) showed spherical ball like structures connected with each other  and thoroughly 
covered by the molten glasses on the surface. The average particle size was bigger than       
5 µm. The highly agglomerated big particles formation is the main drawbacks of solid state 
method even if good crystallinity and easy way of preparations. Even though the sintering 
temperature was same for SS and CB-1350 samples, the later showed highly crystalline 
particles with greatly reduced particles size which is the benefits of chemical combustion 
method. 
 
Fig. 3.2. SEM micrographs of Sr4Al14O25:Eu2+/Dy3+ phosphor prepared by (a) Sol-gel, (b) 
Combustion at 530oC, ( c) Combustion powder annealed at 1350oC and ( d) Solid state (SS) 
at 1350oC methods. 
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Fig. 3.3. Absorption and emission spectra of Sr4Al14O25:Eu2+/Dy3+ phosphor samples 
prepared by solid state, sol-gel and chemical combustion methods. 
 Figure 3.3 shows the absorption and emission spectra of Sr4Al14O25:Eu2+/Dy3+ 
phosphor prepared by different methods. As seen in the figure, the phosphor samples can be 
excited by the light of near UV to visible light of 220~430 nm wavelengths. The absorption 
spectrum consists of a broad range with maxima at 270 and 365 nm. This signifies that the 
sample can be excited by variety of light sources, especially, by the most common natural 
sun shine. Since the host Sr4Al14O25 hardly shows any absorption between 300 and 450 nm, 
the excitation band is attributed to the transition from 4f7 ground state to the 4f65d1 excited 
state of doped Eu2+ ions. The emission spectra of SG, CB-530, CB-1350 and SS samples are 
also presented in Fig. 3.3. All these samples gave the broad band emission with the maxima 
at around 500 nm showing blue-green color. The emissions in these samples were attributed 
to the typical 4f65d1 → 4f7 transition of Eu2+ ions in the Sr4Al14O25 host. No emission peaks 
of Eu3+ were observed in the emission spectra, indicating that Eu3+ ions in the samples have 
been completely reduced to Eu2+ ions. However, there was a small blue shift in the case of 
phosphor prepared by sol-gel and combustion methods, which is more pronounced in SS 
and CB-1350 phosphor samples. It is reported that the decrease of particles size increases 
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the surface energy and results in the distortion of atomic structure around the Eu2+ ions in 
the lattice; consequently, the blue shift in the emission peak is possible [20]. Thus, the blue 
shift in the combustion and sol-gel samples was due to the smaller size of the phosphor 
particles.  
  The afterglow emission intensity was found to be in the order of CB-1350>SS>SG> 
CB-530. It is the fact that the emission intensity depends on the number of excited 
luminescent ions and its recombination efficiency in the host lattice. The liquid phase 
synthetic method like combustion and sol-gel method makes the activator and co-activators 
ions, here Eu2+ and Dy3+, respectively, homogenously disperse throughout the Sr4Al14O25 
host increasing its concentration and produced higher emission intensity. Further, as seen in 
SEM micrograph, the phosphor particles of SS sample was completely covered by non 
emissive glassy phase that suppress the emission intensity of the phosphor. However, the 
reduced emission intensity in the case of CB-530 and SG samples was due to the very low 
sintering temperature. At high sintering temperature fine crystallinity would be expected and 
which in turn increase the emission intensity.  
  Figure 3.4 shows the afterglow decay curves of the SG, CB-530, CB-1350 and        
SS-1350 phosphor samples. It is clearly seen in the figure that the CB-1350 sample showed 
maximum phosphorescence intensity of 3.68 Cd.m-2 that decreased in the order of           
CB-1350>SS-1350>SG-1200>CB-530, which is in accordance with the crystallinity and the 
sintering temperatures. All the phosphor samples exhibited a similar afterglow decay 
spectra. The decay curves consisted of three parts, in the first part, the intensity sharply 
reduces to  nearly 1/10th within few seconds, in the second part the decrease of afterglow 
emission intensity is slow that persists for several minutes and in the third part the there was 
almost constant afterglow emission intensity that last for more than 10 hours. 
  It is reported that the decay behavior can be fitted by an empirical equation stated as 
below [21]: 
I = I0 + A1 exp (t/τ1) + A2 exp (t/τ2) + A3 exp (t/τ3)     3.1 
Where, I represents the phosphorescence intensity, I0, A1, A2, A3 are constants, t is time and 
τ1, τ2, τ3 are the exponential decay components, respectively. Using the fitting functions, 
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these parameters τ1, τ2 and τ3 can be calculated by simulating the decay curves of the 
phosphors prepared by different methods. The decay curves obtained in the experiments 
well fitted the above equations. According to the literature [21] that reports the long lasting 
mechanism of CaAl2O4:Eu2+/Dy3+, SrAl2O4:Eu2+/Dy3+ and BaAl2O4:Eu2+/Dy3+ phosphors 
according to the decay parameters τ, greater the value of τ, the longer is the afterglow 
duration. Three different values of τ obtained by simulating the decay curves indicate that 
there are three different types of traps and hence three kinds of decay processes. The largest 
value of τ3 can be related to the deepest trap center and slowest the decay process. The value 
of τ1, τ2, and τ3 for the samples are in the order of CB-1350>SS-1350>SG>CB-530, 
indicating that high temperature sintering helps to increase the emission centers, trap centers 
and deepen the trap centers that increase the afterglow duration. 
Table 3.1. Phosphorescence intensity and its exponential decay parameters of 
Sr4Al14O25:Eu2+/Dy3+ phosphor prepared by solid state, sol-gel and solution combustion 
methods. 
 Samples Decay parameters 
Io A1 τ1 A2 τ2  A3 τ3 
CB-1350 3.68 2.4 13.50 0.95 155 0.350 1600 
SS-1350 3.31 1.97 11.20 0.6 115 0.240 1200 
SG-1200 0.64 0.35 8.75 0.2 145 0.075 900 
CB-530 0.23 0.27 7.35 0.19 130 0.070 790 
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Fig. 3.4. Afterglow decay curves of Sr4Al14O25:Eu2+/Dy3+ phosphors prepared by solid state, sol-
gel and combustion methods (dots and solid lines are observed and fitted curves, respectively). 
  The mechanism of long persistent phosphorescence is shown in Fig. 3.5. The long 
persistent mechanism can be explained as; upon exposure to UV or visible light, the 
excitation transition of Eu2+ ions i.e. 4f7 → 4f65d1 occurs immediately, causing large number 
of holes near the valence band and electrons near the conduction band. Some of the holes 
are transferred to the valence band and captured by Dy3+ ions located around the valance 
band to form Dy4+ ions. When the excitation light source is removed, the transition between 
4f65d1 → 4f7 is partly allowed. The holes trapped by Dy3+ are thermally released to valence 
band, since the trap depth of Dy3+ ions from valence band is shallow enough to liberate 
trapped holes at room temperatures, migrate these holes through valence band to the Eu1+ 
ions to form excited (Eu2+)* ions, and consequently, the recombination takes place leading to 
the long afterglow. Thus, the afterglow intensity depends on the number of holes released at 
room temperature and it’s recombination with the excited europium ions (Eu2+)*. On the 
other hand the afterglow life time depends on the depth of the holes trapped by the Dy3+ ions 
and hence the release rate of these trapped holes to the valence band. Higher the depth of 
hole traps, slower is the release rate and longer will be the afterglow time. 
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Fig. 3.5. Mechanism of long afterglow of Sr4Al14O25:Eu2+/Dy3+phosphor according to the 
Matuzawa’s model. 
 
3.4. Conclusions 
 Sr4Al14O25:Eu2+/Dy3+ phosphor was synthesized by sol-gel, chemical combustion and 
solid state reaction methods. At very low synthesis temperature (CB-530), some impurities 
of SrAl2O4 phase existed but at higher calcinations temperatures, pure Sr4Al14O25 phase was 
observed, irrespective of the synthesis methods used. Relatively smaller particles size, 
regular morphology and narrow size distribution was achieved by wet chemical methods 
(sol-gel and chemical combustion). Even at the same sintering temperatures, the chemical 
combustion method can be used to generate smaller particles with regular particles 
morphology. By the chemical combustion method, activator ions can be homogenously 
dispersed throughout the phosphor matrix leading to the higher excitation, emission and 
afterglow intensities. Thus, chemical combustion method can be used for the large scale 
production of phosphor materials. 
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Chapter IV 
 
Synthesis and photoluminescence properties of Cr3+ doped 
Sr4Al14O25:Eu2+/Dy3+ blue-green and red phosphor 
 
4.1. Introduction 
Recently, strontium aluminate phosphors activated by Eu2+ and Dy3+ ions have 
attracted a lot of attentions since they show excellent properties such as high quantum 
efficiency, long persistence of phosphorescence, good stability, suitable emitting color and 
no radio-active radiations, unlike previous Co or Pm co-doped ZnS based phosphors [1-7]. 
Due to excellent properties, Eu2+ and Dy3+ doped alkaline earth aluminates viz. 
xSrO.yAl2O3:Eu2+/Dy3+ phosphor result in wide potential applications in many fields. To 
highlight a few, one may include emergency signs and low level lightening escape systems, 
military applications, textile fibers, textile printings, lightening apparatus and switches, exit 
signboards, electronic instrument dial pads and other more [8-9]. For the better 
photoluminescence properties of these strontium aluminate phosphors, researches regarding 
the addition of various rare metal ions [10], other metal ions [11] and boric oxide [4] have 
been performed. However, the emission centers are limited in the rare earth metal ions, 
which are extremely expensive. Trivalent chromium (Cr3+) is the most stable oxidation state 
of chromium, therefore widely used as luminescent dopant as well as luminescent sensitizer 
in various materials. Because of its low cost, deep color and bright luminescent properties, 
the potential application of Cr3+ in such phosphor materials is very high. Various Cr3+ doped 
host materials has been widely investigated and its emission in various compounds like 
YAG [12], MgAl2O4 [13], Mg2SiO4 [14], ZnAl2S4 [15] and many others [16] have been 
studied. However, there are very few reports [17] on the persistent emission of Cr3+ that may 
be used as persistent phosphors. Blue and green long persistent phosphors have been 
obtained using aluminates host system but better red persistent phosphors are still in search.  
Zhong et al. [17] reported the existence of red phosphorescence by persistent energy 
transfer from Eu2+ to Cr3+ in strontium aluminates system. They used the solid state method 
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to prepare the phosphor. However, the solid state reaction method has been extensively used 
for the phosphor synthesis in spite of its poor homogeneity, high calcinations temperatures 
and long time of calcinations [18]. Furthermore, the phosphor particles prepared by this 
method is much bigger in the range of several tens of micrometers. To get smaller particle 
powder high energy grinding is required that destroy both the crystal structure and the 
photoluminescence properties. 
 Phosphor with smaller particles size can be synthesized by the liquid phase reaction 
methods like sol-gel, co-precipitation [19], microwave [20] and combustion [21] etc. The 
combustion method to prepare rare earth activated alkaline earth aluminates is an efficient 
and facile method, which takes hardly few minutes and has been extensively used for the 
mass production of various oxides and aluminates materials [21-24]. Further, combustion 
method is a liquid phase synthesis method in which each component can be accurately 
controlled and uniformly mixed to get the homogenous materials. The combustion synthesis 
technique makes use of heat released during the redox exothermic reactions between metal 
nitrate precursors and fuels like urea [25] and completely reduces Eu3+ to Eu2+ at relatively 
low temperature, unlike high temperature solid state reaction method. So in this chapter, a 
rapid, facile combustion synthesis method has been applied to prepare the 
Sr4Al14O25:Eu2+/Dy3+/Cr3+ nano powder. The effect of compositions of starting materials, 
boric acid as flux, Eu2+, Dy3+ and Cr3+ as dopants-co-dopants in the Sr4Al14O25 host on the 
optical properties of the phosphor has been presented in detail.  
 
4.2. Experimental 
4.2.1. Sample preparation 
Synthesis of strontium aluminate phosphors doped with Eu2+, Dy3+ and Cr3+ ions by 
aqueous chemical combustion method involves rapidly heating the aqueous solution 
containing stoichometric amounts of corresponding metal nitrates, ammonium nitrate and 
urea at 530oC temperature. Stoichometric compositions of the redox mixture for solution 
combustion were calculated using total oxidizing and reducing valences of the species 
which serves as the numerical coefficients for the stoichometric balance so that equivalence 
ratio of oxidant to reductant is unity [25]. Thus the stoichometry for the Sr4Al14O25 material 
becomes 4 Sr(NO3)2 (Aldrich, 99.9+ %) + 14 Al(NO3)3(Aldrich, 99.9%) + NH4NO3 
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(Aldrich, >99%) + 42 NH2CONH2 (Aldrich, 99.9%). In the typical experiment, the 
combustion synthesis of Sr4Al14O25:Eu2+/Dy3+/ Cr3+ is as follows; 5.66g Sr(NO3)2 + 35.5g 
Al(NO3)3 + 0.54g NH4NO3 + 0.028g Eu(NO3)3 + 0.0585g Dy(NO3)3 + 0.11g Cr(NO3)3 + 
0.165g H3BO3 + 17.10g urea were dissolved in minimum amount of distilled water at 70oC 
by stirring for 2 h. Then the beaker containing the mixture was inserted inside a muffle 
furnace maintained at 530oC for nearly 10 minutes. Initially, the solution boiled, frothed, 
foamed and caught fire. Then the fire propagates to its own leading to the completion of 
reaction in less than five minutes. The final foamy voluminous product was crushed and 
used for characterization such as phase analysis, crystallinity, morphology and 
photoluminescence properties. To get the highly crystalline persistent red phosphor, the 
precursor powder was again sintered at 1300oC in the form of small pellets in slightly 
reducing atmosphere of 10 % H2 and 90 % N2 for 3 h. The whole synthetic process can be 
explained by the flow chart in Fig. 4.1. 
 
Fig. 4.1 Preparation of Sr4Al14O25:Eu2+/Dy3+/Cr3+ nanometer powder by solution 
combustion method. 
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4.2.2. Characterization 
Phase identification was carried out using a Shimadzu XRD-630D X-ray 
diffractometer with Cu-Kα radiation. The morphology of the phosphor particles were 
characterized by scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM). SEM measurements were conducted using a Hitachi S-3000N SEM instrument. 
TEM image was obtained on a Hitachi H-800MU microscope. Photoluminescence (PL) 
spectra (absorption and emission) were recorded using USB 4000-UV-VIS fiber optic 
spectrometer (Ocean optics). The afterglow decay curves were obtained by using a 
brightness meter (Konica Minolta LS-100) equipped with RS232C Comm. Before 
phosphorescence and afterglow decay curves measurements each phosphor samples were 
excited by 15W Xenon lamp for 20 minutes and measurements were recorded 10 seconds 
after the excitation light was removed. All the measurements were carried out at room 
temperatures. 
4.3. Results and discussion 
A typical X-ray diffraction pattern of the precursor powder prepared by combustion 
method at 530oC (for 10 minutes) and combustion powder post annealed phosphor at 
1300oC (for 3 h) were shown in Fig. 4.2(a and b), respectively. In Fig 4.2(a), the diffraction 
peaks of Sr4Al14O25 phase (JCPDS; 52-1876) along with the peaks of SrAl2O4 (JCPDS; 34-
0379) and SrAl4O7 (JCPDS; 30-1276) were observed. Even though the starting materials 
were mixed according to the chemical composition of Sr4Al14O25, other phases like SrAl2O4 
and SrAl4O7 could be formed at low-temperature combustion process. So the precursor 
powder was further annealed at 1300oC for 3 h in a reducing atmosphere of 10% H2 and 
90% N2 to get highly crystalline, pure Sr4Al14O25 phase. The Sr4Al14O25 phosphor consists 
of orthorhombic crystal structure with Pmma space group [26]. The cell parameters 
calculated from X-ray results were a = 24.78ܣሶ, b = 8.48ܣሶ and c = 4.86ܣሶ. These values are in 
good agreements with the literature values [26]. 
101 
 
 
Fig. 4.2. XRD spectra of 4 at% Cr3+ doped Sr4Al14O25:Eu2/Dy3+ phosphor powders (a) 
precursor powder prepared at 530oC (b) target powder post annealed at 1300oC. 
Figure 4.3 (a-d) shows the SEM and TEM micrographs of the as prepared precursor 
powder at 530oC and the post annealed phosphor powder at 1300oC. The precursor powder 
showed irregular to hexagonal particles with lots of cracks, voids and pores on the surface 
formed due to escaping of various gases like COx, NOx, NH3 during the combustion of 
precursor nitrates and fuels. The mean grain size of the precursor powders was about 200 
nm. Further, the shape and size of the precursor powder was confirmed by TEM micrograph 
as shown in Fig. 4.3(d). The particle was of octahedral shape with edge length of nearly 200 
nm. Compared with the phosphor prepared by traditional solid state reaction method, the 
particle size was greatly reduced but the crystallinity was poor due to low firing 
temperature. To get better crystallinity, the precursor powder was post annealed at 1350oC 
in 10% H2 and 90%N2. Even though, the post annealing at 1350oC sharply increased the 
mean particle size from 200 nm to nearly 2 µm, the octahedral shape retained same as 
precursor powder. The post annealed phosphor particles were highly crystalline with sharp 
boundaries as shown in Fig. 4.3(b). Even though post annealing at high temperature 
increased the phosphor particles roughly 10 times than the precursor powder, the phosphor 
particles are much smaller than the particles prepared by solid state reaction method at the 
same temperature and it had regular morphology as revealed in the Fig. 4.3. Thus, chemical 
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combustion method can be used to generate fine particles with higher crystallinity at 
relatively lower temperature than solid state reaction method.  
 
 Fig. 4.3. SEM micrograph of 4 at% Cr doped Sr4Al14O25:Eu2+/Dy3+ phosphor: (a) precursor 
powder derived via combustion method at 530oC, (b) post annealed phosphor at 1300oC,   
(c) solid state at 1300oC and (d) TEM microstructure of precursor powder. 
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Fig. 4.4. Absorbance and emission spectra of Sr4Al14O25:4 at% Cr3+/Eu2+/Dy3+ phosphor 
compared with Sr4Al14O25:Eu2+/Dy3+ phosphor (dotted lines and solid lines represents 
precursor powder and post annealed phosphors, respectively. 
Absorption and emission spectra of the Sr4Al14O25:Cr3+/Eu2+/Dy3+ phosphors are 
shown in Fig. 4.4. The absorption spectrum was a broad band ranging from 220 nm to 430 
nm, with maxima at 270 and 367 nm. The excitation spectrum is attributed to the typical f to 
d transition of Eu2+ ions in the Sr4Al14O25 matrix. The emission spectrum of Sr4Al14O25:4 
at%Eu2+/8 at% Dy3+ phosphor prepared at 1300oC consists of a strong broad band emission 
centered at 497 nm. However, Cr3+ doped precursor powder and the post annealed 
Sr4Al14O25:4 at% Cr3+/Eu2+/Dy3+ phosphor consists of a strong broad band emission at 497 
nm and a sharp emission peak at 695 nm. The broad band emission at 497 nm in these 
samples was attributed to a typical 4f65d1 → 4f7 transition of Eu2+ ions in the Sr4Al14O25 host 
[26]. No any emission peaks of Eu3+ were observed in the emission spectra, indicating that 
Eu3+ ions in these samples were completely reduced to Eu2+. The sharp emission peak at 695 
nm in these Cr3+ doped phosphors besides the broad band emission at 497 nm was due to the 
2E2-4A2 transition in the Cr3+ ions doped in the Sr4Al14O25 phosphor [17].  It is clear from 
Fig. 4.4 that the emission intensity at 497 nm was sharply reduced by addition of Cr3+ ions, 
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the reason of that will be discussed later. Further, the emission intensity of post annealed 
phosphor was higher than the combustion precursor powder due to the higher crystallinity 
and pure Sr4Al14O25 phase formation as observed in the XRD results. It is reported that 200-
400 nm UV light can excite only Eu2+ but not Cr3+, since Cr3+ excitation consists of the 4A2-
4T1 absorption at 420 nm and 4A2-4T2 absorption at 570 nm [17]. Thus, the strong red 
emission at 695 nm should be the result of energy transfer from Eu2+ to Cr3+ in the 
Sr4Al14O25 phosphor. 
Figure 4.5 depicts the emission spectra of Sr4Al14O25:Eu2+/Dy3+/Cr3+ phosphor 
according to the Eu2+ ions concentration while maintaining 4 at% Cr3+ ions concentration. 
From the figure, it is seen that the red emission of Cr3+ at 695 nm increased with Eu2+ ions 
concentrations from 0.5 at% to 4 at%. This strongly indicates the energy transfer from Eu2+ 
to Cr3+ in Sr4Al14O25:Eu2+/Dy3+/Cr3+ phosphor increased with the Eu2+ ions concentration. A 
similar result was obtained by Zhong et al. [17] in solid state samples of the same 
Sr4Al14O25:Eu2+/Dy3+/Cr3+ phosphor.  Fig. 4.5 also shows the effect of Eu2+ concentrations 
on the emission intensities of Eu2+ at 497 nm. The effect was highly pronounced in the 
emission in the blue-green emission (497 nm) than in red which increased on increasing 
Eu2+ concentrations, attained maximum at 4 at% Eu2+ and then on further increasing Eu2+ 
concentrations, it started decreasing. The decrease in emission intensity beyond 4 at% Eu2+ 
concentrations might be due to the concentration quenching process. Increased Eu2+ ions in 
the Sr4Al14O25:Eu2+/Dy3+ phosphor decreased the distance between these ions and leads 
efficient energy transfer from one Eu2+ ion to another Eu2+ ion and finally to the non 
luminescent center leading to the quenching of the emission [27].  
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Fig. 4.5. Effect of Eu2+ ions concentrations on the emission intensity of 4 at% Cr3+ doped 
Sr4Al14O25:Eu2+/Dy3+ phosphor derived via combustion method at 1300oC. 
 
Fig. 4.6. Effect of Cr3+ ion concentration on the emission intensity of the              
Sr4Al14O25:x at%Cr3+/1 at% Eu2+/2 at% Dy3+ phosphor prepared via combustion method at 
1300oC. 
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Figure 4.6 shows the emission spectra of Sr4Al14O25: 1 at% Eu2+/2 at% Dy3+/x at% 
Cr3+ (x=0, 1, 4, 8 and 16) phosphor. While maintaining 1 at% Eu2+ and 2 at% Dy3+ ions 
concentration and increasing the Cr3+ ions concentration, the red emissions at 695 nm 
enhanced gradually, indicating the increase of Eu2+ to Cr3+ energy transfer efficiencies. As 
the Cr3+ ions concentrations increased, the distance between Eu2+ to Cr3+ ions decreased that 
increased energy transfer process. While changing the concentrations of Cr3+ ions, the 
shapes and positions of the emission bands had exhibited no obvious change. The Cr3+ ion 
concentration might be low enough to shift the peak position at the present study. Further, 
addition of Cr3+ ions concentration decreased the emission intensity of Cr3+ at 695 nm and it 
became almost non-emissive when doped Cr3+ concentration was very high  (~ 50 at%). The 
critical quenching concentration of Cr3+ is defined as the concentration of doped Cr3+ ions at 
which the emission intensity begins to decrease. From the Fig. 4.6, it is concluded that the 
critical concentration of Cr3+ is 4 at% in the Sr4Al14O25:Eu2+/Dy3+/Cr3+ phosphor. The 
quenching mechanism might be explained as; with the increase of Cr3+ ions concentration, 
the distance between nearby Cr3+ ions decreases and hence increases the mutual interaction 
between it. This lead to the migration of excitation energy from one activator center to 
another and eventually to an imperfection which may acts as energy sink and results in 
killing of its luminescence [28].  
Figure 4.7 shows the effect of boric acid (as a flux) concentration on the emission 
intensities of Sr4Al14O25:Eu2+/Dy3+/Cr3+ phosphor containing 4 at% Cr3+, 1 at% Eu2+ and 2 
at% Dy3+. On increasing boric acid concentration, the emission intensity first increased, 
attained maximum at 3.5 mol% and then decreased again when it was further increased. As 
described in chapter II, addition of boric acid flux promotes the formation of Sr4Al14O25 and 
helps the dopants to disperse homogeneously throughout the host lattice [29]. If boric acid 
concentration was very low there was formation of SrAl2O4 phase together with Sr4Al14O25 
phase. The Eu2+ ions in SrAl2O4 host emits at 520 nm, which was reflected in the emission 
curve in Fig. 4.7 by the red shift in the emission maximum. When boric acid concentration 
was 3.5 mol%, highly crystalline single phase Sr4Al14O25 phosphor was formed and hence 
produced higher emission intensity. However, as boric acid concentration was increased to 
8.5 mol%, there was formation of strontium aluminoborate and glassy phases along with the 
Sr4Al14O25 phase. The former two are non emissive. As a result, there was decrease in the 
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emission intensity. The detailed study on the effect of flux on the photoluminescence 
properties of strontium aluminate phosphor has been explained in chapter II.  
 
Fig. 4.7. Effect of boric acid contents as a flux in the photoluminescence intensity of 4 at% 
Cr3+ doped Sr4Al14O25: Eu2+/Dy3+ phosphor prepared via combustion method at 1300oC. 
 Figure 4.8 shows the afterglow decay curves of the blue-green emission at 495 nm 
and the red emission at 695 nm in the post annealed Sr4Al14O25:4at% Cr3+/1at% Eu2+/2at% 
Dy3+ phosphor after irradiation with 15W xenon lamp for 20 minutes. The afterglow decay 
curves in both the cases decreased rapidly at the first part of the decay curves that reduced 
the phosphorescence intensity to about 1/10th within few seconds. The decrease in the 
second part was slow which persists for several minutes and in the third part of the 
spectrum, the decay of the afterglow intensity was very slow. Further, the afterglow decay 
rate of the red phosphorescence was much faster than that of the blue-green one. The blue-
green phosphorescence persisted for longer than 10 h but red phosphorescence elapsed 
within few seconds. 
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Fig. 4.8. Afterglow decay curves for blue green and red emission of 4 at% Cr3+ doped 
Sr4Al14O25:Eu2+/Dy3+ phosphor derived via combustion method at 1300oC. 
In the Sr4Al14O25:Eu2+/Dy3+ /Cr3+ phosphor, Dy3+ acts as trap centers, capturing the 
free holes similar in other aluminates system [29-31]. On adding impurities or additives 
(Eu2+, Dy3+ and Cr3+), Eu2+ and Dy3+ replace Sr2+ site while Cr3+ occupy Al site by replacing 
it [17, 26], there exist two types of Dy3+, one surrounded all around by Al, called Dy1 and 
another by at least one near neighboring Cr (came from replacement of Al), called Dy2. 
Incorporation of Cr3+ ions in the host produces shallow hole traps nearby Dy traps. It is 
suggested that the former trap is deeper than the later i.e. Dy1 traps are deeper than Dy2 
traps [17]. For simplicity, the energy transfer process from Eu2+ to Cr3+ ions may be 
considered as two parts, the first part being the short range energy transfer between Eu2+ and 
Cr3+ ions. In this case, Eu2+ ion is surrounded by both Dy1 and Dy2 at a short distance, 
leading both Dy1 and Dy2 to contribute to phosphorescence. The second part is named as 
long range energy transfer between two ions. In this case, Eu2+ is surrounded by Dy1 at 
short distance leading only Dy1 for phosphorescence. Due to the efficient energy transfer in 
short distance, the red afterglow is mainly generated by those Cr3+ ions close to Eu2+ ions 
and negligibly by those far from it. Therefore, the red phosphorescence decays faster as 
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determined by the incorporation of Dy1 and shallow trap Dy2 induced by Cr3+ ions. The 
detail mechanism is shown in Fig. 4.9. 
 
Fig. 4.9. Mechanism of blue green and red emissions and their afterglow in Cr3+ doped 
Sr4Al14O25:Eu2+/Dy3+ phosphor. 
4.4. Conclusions  
Cr3+ co-activated Sr4Al14O25:Eu2+/Dy3+ persistent phosphor was synthesized by rapid 
chemical combustion method. As compared to the solid reaction state method, combustion 
method generates particles with smaller particles size and regular morphology. The red 
emission of Cr3+ at 695 nm and blue-green emission of Eu2+ at 495 nm were observed in this 
phosphor. The blue-green emission was due to the 4f65d1→ 4f7 transition of Eu2+ ions in the 
Sr4Al14O25 host while the red emission in Cr3+ was observed due to energy transfer from 
Eu2+ to nearby Cr3+ ions. As the concentration of Eu2+ and Dy3+ were fixed, the red emission 
intensity of Cr3+ increased on increasing Cr3+ ions concentration and attained maximum at 4 
at%, beyond that it decreased due to concentration quenching process. The energy transfer 
process was found to be more efficient when the doped Eu2+ ions concentration was 4 at%. 
When the phosphor was prepared by adding 3.5 mol% boric acid as a flux better 
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photoluminescence properties were observed. The phosphor exhibited red phosphorescence 
at 695 nm and blue-green phosphorescence at 497 nm similar to the fluorescence spectra. 
The red phosphorescence decayed much faster than the blue-green phosphorescence. The 
faster decay speed of red phosphorescence in the Cr3+ was due to existence of shallow traps 
nearby Cr3+ ions. The persistent time for blue-green emission was more than 10 h but that of 
red was comparatively very short.  
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Chapter V 
 
Preparation of a novel Sr4Al14O25:Sm3+ phosphor and its optical 
investigations 
 
 
5.1. Introduction 
 Of the phosphors, the alkali earth aluminates containing rare earth ions are functional 
inorganic materials with strong luminescence in the blue to red regions of the spectrum     
[1-3]. These materials are widely used in the illumination, the displays, storage devices, 
medical instruments and many more [4]. To highlight a few, one may include “glow-in-dark 
items” as; safe helmets, direction indicators and signs, plasma display panel, cathode ray 
tubes, vacuum fluorescent display, scintillators, optical fibers, amplifiers and the like due to 
their better safe, chemical stability, excellent photo resistance, high quantum yield, very 
bright and long-lasting afterglow with no radio-active radiations and hence forms the 
important materials in various ceramics industries [5]. In recent years, strontium aluminates, 
especially SrAl2O4 and Sr4Al14O25, doped with rare earth ions (Eu2+, Ce3+, etc.) have been 
regarded as an excellent phosphor due to their excellent luminescence, long persistent time 
and very high quantum yield and are already in some applications [6]. Many reports have 
been already published regarding preparations and improvements on the photoluminescence 
properties of these phosphors [1-3, 7]. However, Sm3+-doped materials are less studied 
compared to the other trivalent rare earths metal ions and in particular, the spectroscopic 
studies of Sm3+ ions in the aluminates host are rarely reported [8-11]. To the best of our 
knowledge, there is no report on the Sr4Al14O25:Sm3+ phosphor which emits in the orange-
red region. From the practical applications point of view, the longer wavelength side 
(orange-red) of the emission is more suitable source for illuminating devices, and is 
applicable for various displays. This motivated me to explore the photoluminescence 
properties of Sm3+ ions in the well known Sr4Al14O25 phosphor. In this chapter, the effect of 
calcinations temperature, proper amount of flux and appropriate concentrations of dopant 
and co-dopant for the optimum photoluminescence properties has been explained in detail. 
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 Experimental 
5.1.1. Sample preparation 
 Strontium aluminate phosphor doped with Sm3+ ions (Sr4Al14O25:Sm3+) was 
synthesized by the reaction between strontium carbonate (SrCO3; Aldrich, 99.9+ %), 
aluminium oxide (Al2O3 Baikalox ultrafine powder) and samarium oxide (Sm2O3; Aldrich, 
99.9+ %). Bismuth oxide (Bi2O3; Aldrich, 99.9+ %), neodymium oxide (Nd2O3; Aldrich, 
99.9+ %) and dysprosium oxide (Dy2O3; Aldrich, 99.9+ %) were used as co-dopant. Small 
amount of boric acid (H3BO3; AR) was added in the mixture as a high temperature flux. 
These powders were mixed according to the nominal composition of (4-x)SrCO3 + 7Al2O3 + 
0-10 mol % B (as H3BO3) + x at% Sm (x = 1, 2, 4 and 8 at %). The mixing was performed 
thoroughly by mortar and pestle with the help of ethanol and dried to get fine powder. 
Pellets were prepared and preheated in air atmosphere at 1000oC for 4 h, followed by 
1300oC for 5 h in 10% H2 and 90% N2 atmosphere.  
5.1.2. Characterization 
Phase identification was carried out using a Shimadzu XRD-630D instrument with 
Cu-Kα radiation. Scanning Electron Microscopy (SEM) observations were carried out using 
a Hitachi S-3000N SEM instrument. Elemental analysis and mass percentage of the doped 
ions was estimated using EDX coupled with SEM. Before SEM measurements, the sample 
was coated roughly 5 nm in thickness with platinum using Hitachi E-1030 ion sputter. 
Photoluminescence absorption and emission spectra were recorded using USB 4000       
UV-VIS-NIR miniature fiber optic spectrometer (Ocean optics). The afterglow intensity and 
decay curves were recorded by a brightness meter (Konica Minolta LS-100). Before decay 
curves measurement, each sample was exposed to normal 15W Xenon lamp for 20 minutes. 
All the measurements were carried out at room temperature. 
5.2. Results and discussion 
The X-ray diffraction patterns of the as prepared Sr4Al14O25:Sm3+ phosphor is shown 
in Fig. 5.1. The diffraction peaks coincide well with the standard JCPDS card database 
number 52-1876 of Sr4Al14O25 phase. The peaks of Sm2O3 were not observed in the 
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diffractogram indicating that all the Sm3+ ions occupied Sr2+ sites in the Sr4Al14O25 matrix. 
The ionic radius of Al3+, Sr2+ and Sm3+ ions in the Sr4Al14O25 matrix are 67 pm, 112 pm,  
and 102 pm, respectively. Thus, the Sm3+ ions are expected to occupy Sr2+ sites rather than 
Al3+ sites. However, due to the nonequivalent substitution, an excess of positive charge in 
the lattice must be compensated. The most possible way is that two Sm3+ ions replace three 
Sr2+ ions to balance the charge of the phosphor that creates two ܵ݉ௌ௥·  positive defects and 
one ௌܸ௥"   negative defect. The XRD patterns of 0, 1.75, 3.5 and 8.75 mol% H3BO3 containing 
phosphor powder were also recorded. From the XRD results it was found that 3.5 mol% 
H3BO3 containing phosphor showed pure Sr4Al14O25 phase, however, if less or more 
concentration of H3BO3 was used as a flux, some impurity phases viz. SrAl2O4 and 
SrAl2B2O7 were formed, respectively. The detail result on the effect of flux on pure phase 
formation of Sr4Al14O25 phosphor has been explained in chapter II. Average crystallite size 
was estimated from the full width at half maximum of the diffraction peak by the sheerer 
equation and was estimated to be 2-3 µm in diameter.  
 
Fig. 5.1. XRD patterns of Sr4Al14O25:2at% Sm phosphor compared with standard JCPDS 
value (52-1876) of Sr4Al14O25 crystal.  
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SEM images along with energy dispersive X-ray spectroscopy (EDX) mapping of 
the Sr4Al14O25:Sm3+ phosphor samples are as shown in Fig. 5.2. These images revealed that 
spherical particles connected with each other forming a porous microstructure in the 
phosphor sample prepared without flux (0B). The average particle size was nearly 0.5 µm in 
diameter. When the phosphor sample was prepared adding small amount of flux (3.5 mol%), 
particles growth took place rapidly forming particles with the sharp edges and fixed corners. 
The average particles size was found to be nearly 2 µm, which is same as calculated from 
the XRD peaks. However, when the boron concentration was increased above 4 mol %, 
much bigger particles grew (~4 µm). Each particle showed smooth boundaries, indicating 
formation of glassy phase. Further, the glass completely covered the surface of the phosphor 
making it smooth. The EDX analysis was carried out to confirm the presence of Sm3+ ions 
in the phosphor and the results confirmed their presence (Fig 5.2d). From the EDX intensity 
calculation, it was found that nearly 1.55 at% Sm3+ was incorporated into the Sr4Al14O25 
matrix while originally added Sm3+ ions concentration was 2 at%. 
  
Fig. 5.2. SEM images of Sr4Al14O25:Sm3+ phosphors containing; (a) 0 mol%, (b) 3.5 mol %, 
(c) 8.75 mol % boric acid and (d) EDX spectrum of 2at% Sm doped Sr4Al14O25 phosphor. 
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Room temperature photoluminescence (absorption and emission) spectra of 
Sr4Al14O25:2at% Sm3+ phosphor was taken for the characterization of the optical properties. 
The absorption spectrum consists of a broad band from 220 to 440 nm. The excitation 
spectra of Sm3+ is obviously complicated, composed of charge transfer transitions from    
O2 → Sm3+, f-f transitions, f-d transitions and absorption due to host lattice. The strong 
absorption peak of Sr4Al14O25:Sm3+ were located at 230 nm, 330 nm, 400 nm and 420 nm. 
These peaks were corresponding to the Sr4Al14O25 host absorption and that of the            
6H5/2 → 2S+1LJ transitions of the Sm3+ ion. The emission spectrum of Sr4Al14O25:2 at% Sm3+ 
phosphor measured at room temperature are shown in Fig. 5.3. The phosphor showed 
orange red emission when illuminated by UV light. The orange red emission of the 
phosphor was resulted from the mixture of four emissions peaks located at 560, 598, 640 
and 700 nm instead of a monochromatic emission having a single peak in the spectrum. The 
emission spectra are contributed of the forbidden f-f orbital transition from 4G5/2 level to the 
6H5/2, 6H7/2, 6H9/2 and 6H11/2 levels of Sm3+ ion [12]. Among these emissions, the strongest 
emission (4G5/2 → 6H7/2) is located at 598 nm. Particularly, the emission lines located at 598, 
640 and 700 nm are the most important parts of the emissions because they are located at the 
longer wavelength (orange red) region of the spectrum.  
 
Fig. 5.3. Room temperature absorption and emission spectra of Sr4Al14O25:2 at% Sm3+ 
phosphor. 
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Figure 5.4 shows the effect of flux (H3BO3) on the emission intensity of the  
Sr4Al14O25:2 at% Sm3+ phosphor. It is clear that the emission intensity increased on increasing 
the flux concentration. It is the flux that can properly facilitate the entry of activator ions into 
the crystal lattice and aids in the formation of the luminescent centers [13]. Due to liquid boron 
oxide as high temperature flux, distribution of the rare ions becomes random and deep 
throughout the lattice as well as the flux enforce the Sm3+ ions to replace the Sr site in the lattice 
[14]. This increases the Sm3+ concentrations in the lattice. Further, the flux helps the Sm3+ ions 
to distribute uniformly throughout the host lattice and causes steep increase in the emission 
intensity. The maximum intensity was observed in the phosphor sample prepared using 3.5 
mol% boric acid. Above 4 mol% boric acid concentration, the emission intensity started 
decreasing, that might be due to the formation of non emissive glassy phases on the surface that 
covers the surface and protects the phosphor from emission as observed in XRD profiles and 
SEM image (Fig. 5.2c). 
 
Fig. 5.4. Variation of fluorescence intensity of the Sr4Al14O25:2 at% Sm3+ phosphor with 
various boric acid concentrations. 
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ranging from 1 at% to 8 at% were prepared, keeping all other processing conditions 
constant. Fig. 5.5 shows the variation of emission intensity according to the Sm3+ ions 
concentrations. From the figure it is clear that on increasing the Sm3+ ions concentrations, 
the emission intensity first increased, attained maximum emission at 2 at% Sm3+ 
concentration, and thereafter, again decreased. The decrease in the emission intensity at 
higher Sm3+ ions concentration might be due to the concentration quenching process [15]. 
With the increase of the activator concentration, here Sm3+ ions, the distance between the 
nearby Sm3+ ions becomes shorter and the interaction between them increases. Thus it is 
easier to transfer the excitation energy from one activated ions to another and that finally 
transfers to the non emitting centers leading to quenching of the emission. 
 
Fig. 5.5. Variation of emission intensity of the Sr4Al14O25:Sm3+ phosphor with various Sm3+ 
ions concentrations. 
Figure 5.6 shows the effects of M3+ ions co-dopant (M = Bi, Dy and Nd; each being 
2 at%) on the photoluminescence emission phenomena. Co-doping of these M3+ ions were 
not found to change the emission band position of the phosphor. Thus, it can be assumed 
that the emission is mainly originated from the Sm3+ emission center rather than these co-
doped M3+ ions. However, addition of Bi3+ increased the emission intensity drastically, the 
increase by Dy3+ was not so pronounced, but Nd3+ suppressed it. It should be noted that 
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addition of Dy3+ and Bi3+ besides increasing the emission intensity at these 4 peaks, the 
shoulder peak at 596 nm was observed with much higher intensity then the other peaks. To 
confirm, whether the new peak at 596 nm was either form Bi3+ or Dy3+ ions, Sr4Al14O25:Bi3+ 
or Dy3+ phosphor samples with same amount of Bi3+ or Dy3+ ions were prepared 
independently. However, no any emission peaks were observed in the samples 
Sr4Al14O25:Bi3+ and Sr4Al14O25:Dy3+. Thus, the emission peak of the Sr4Al14O25:Sm3+/Bi3+ 
phosphor at 596 nm should be due to splitting of the emission peak at 598 nm. It is possible 
that addition of Bi3+ and Dy3+ ions change the crystal field around the Sm3+ ions and splits 
the 4G5/2 to 6H7/2 peaks into duplets with unequal intensities [16]. The reason of the increase 
in emission intensity by Dy3+ or Bi3+ co-doping might be due to the fact that Bi3+ and Dy3+ 
ions efficiently absorbs the excitation energy than other ions used in the present study and 
transfers it efficiently to the Sm3+ ions [17], consequently, increased the emission intensity.  
 
Fig. 5.6. Effect of M3+ (Bi3+, Dy3+ and Nd3+) co-dopants on the emission spectra of 
Sr4Al14O25:2 at% Sm3+ phosphors.  
 
It is well known that Bi3+ is good sensitizers of luminescence in many hosts [18]. It 
can efficiently absorb the UV-light and transfer the absorbed energy to the luminescent 
center; as a result, the emission intensity of the luminescent center would be strengthened. 
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Fig. 5.6 shows the effect of Bi3+ ions concentrations on the emission intensity of 
Sr4Al14O25:2 at% Sm3+/x at% Bi3+ phosphor. On increasing Bi3+ ions concentrations, the 
emission intensity gradually increased and reached maximum when doped Bi3+ ions 
concentration was 2 at%, after that it started decreasing and became almost non emissive 
when it was 16 at%. Thus, at optimum concentration, the excitation energy is transferred to 
the Sm3+ ions, however, at higher concentration, it transfers from one another and finally to 
non-emitting centers, leading to quenching of the emission. 
 
 
Fig. 5.7. Effect of Bi3+ ions concentration on the emission intensity of Sr4Al14O25:2 at% 
Sm3+/ x at% Bi3+ phosphor(x= 0.5, 1, 2, 4, 8 and 16).  
 
The afterglow decay time of the orange red emission of the Sr4Al14O25:Sm3+, 
Sr4Al14O25:Sm3+/Bi3+ and Sr4Al14O25:Sm3+/Dy3+ phosphor samples were recorded at room 
temperature and presented in Fig. 5.8. From the figure it is clear that addition of Dy or Bi 
increased the phosphorescence intensity and the afterglow decay time of the phosphors, 
however, the increase was incremental. The phosphor samples showed very low 
phosphorescence intensity immediately after turning off the excitation light source that is 
hard to detect by the human eyes (naked human eye can detect phosphorescence intensity 
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more than 10 mCd.m-2) and the afterglow faded away very fast, even faster than 10 sec.  
 
 
 
Fig. 5.8. Afterglow decay curves of M3+ (Bi3+or Dy3+) ions doped and undoped    
Sr4Al14O25:2 at% Sm3+ phosphor.  
 
5.3. Conclusion 
A novel Sm3+ doped Sr4Al14O25 phosphor was prepared by solid-state reaction 
method at 1350oC. It exhibited orange-red emission consisting of four emission maxima 
peaking at 560, 595, 640 and 700 nm, respectively. Introduction of H3BO3 as a flux 
significantly increased the fluorescence performance of the phosphor. The fluorescence 
intensity increased on increasing the H3BO3 flux concentration up to 4 mol % above that it 
decreased, the decrease is due to formation of impurity phases and the glasses. The 
fluorescence intensity of the phosphor increased on increasing the Sm3+ ions concentration 
up to 2 at% and then decreased. The decrease in emission intensity at higher Sm3+ ions 
concentration might be due to concentration quenching process. Addition of Bi3+ ions 
increased the emission intensity almost two times, the increase by Dy3+ was not so 
pronounced, but Nd3+ suppressed the emission intensity. The increase of emission intensity 
by Bi3+ co-doping might be due to efficient energy transfer to the Sm3+ emission centers 
from the excitation source. The optimum concentration of Bi3+ to enhance the emission 
intensity was found to be 2 at%. 
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Chapter VII 
 
General conclusion 
 
Sr4Al14O25:Eu2+/Dy3+ phosphor with high brightness and long persistent afterglow 
was synthesized by the solid state reaction method at 1350oC. Highly crystalline, single 
phase Sr4Al14O25 phosphor was obtained when 3.5 mol% boric acid was used as a flux. The 
SEM results revealed that particles shape and size could be controlled by the use of 
appropriate amount of flux. When 3.5 mol% boric acid was used as a flux, fine particles 
with higher angularity were observed. The EDX mapping results revealed that the Eu2+ and 
Dy3+ ions were homogeneously dispersed in the phosphor matrix. The broad band UV-
visible excited luminescence of the orthorhombic Sr4Al14O25:Eu2+/Dy3+ phosphor was 
observed in the blue-green region (λmax = 497 nm) due to transitions from 4f65d1 to 4f7 
configuration of the Eu2+ ion. The photoluminescence characteristics were highly influenced 
by the addition of small quantities of H3BO3 (flux) in the starting mixture and maximum 
phosphorescence properties were observed at 3.5 mol% boric acid. When the samples were 
preheated at 1000oC and then reduced at 1350oC in 10% H2 and 90% N2, better 
photoluminescence properties were observed. The optimum concentration of the emission 
center (Eu2+) for the higher brightness was found to be 4 at%. Out of various trivalent rare 
earth ions, Dy3+ was found to be affective to enhance the phosphorescence properties due to 
formation of suitable traps in the Sr4Al14O25 matrix. When doped Eu2+ concentration was 4 
at% and co-doped Dy3+ 8 at%, the phosphor showed better phosphorescence intensity and 
longer afterglow persistency. The decay curve fitting results revealed that the phosphor with 
the aluminium to strontium ratio (Al/Sr) of 3.7 had deeper trap depths and hence showed the 
higher phosphorescence intensity. Addition of 3 mol% Ag+ as a charge compensator 
dramatically enhanced the brightness of the phosphor (almost 2 fold) that may be due to 
removal of the lattice defects formed during replacement of strontium by trivalent rare metal 
ions. Use of γ-alumina of 0.05µm size as a raw powder during the synthesis of phosphor 
was found to be effective for the formation of regular particles with smaller particles size 
over other alumina type and showed the better photoluminescence characteristics. 
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Substitution of part or whole of strontium sites by calcium or barium ions can effectively 
monitor the luminescence color and CIE values of the phosphor. When 0.7 to 0.8 mole 
fraction of calcium was used in place of strontium, a bluish-white luminescence was 
observed due to the mixing of the blue emission in CaAl4O7:Eu2+ phosphor and green 
emission in SrAl2O4:Eu2+ phosphor, however the persistent time of the bluish-white 
afterglow was very short due to short life time of blue emission in CaAl4O7:Eu2+ phosphor.  
  The Sr4Al14O25:Eu2+/Dy3+ phosphor was synthesized by Pechini sol-gel, chemical 
combustion and solid state reaction methods and their microstructure and 
photoluminescence characteristics were compared. At very low synthetic temperature    
(CB-530oC), impurities of SrAl2O4 existed but at higher synthetic temperature (≥1200oC) 
pure Sr4Al14O25 phase was observed. Relatively smaller particles size, regular morphology 
and narrow size distribution could be achieved by wet chemical methods (sol-gel and 
chemical combustion). Thus, the particle shape and size can be controlled by sol-gel and 
chemical combustion methods. Even at the same sintering temperatures, the combustion 
method can be used to generate smaller particles with higher crystallinity. By the chemical 
combustion method, activator ions can be homogenously dispersed throughout the phosphor 
matrix leading to the higher excitation, emission and afterglow intensities.  
Cr3+ co-activated persistent Sr4Al14O25:Eu2+/Dy3+ phosphor was synthesized by the 
chemical combustion synthesis method. The red emission in Cr3+ at 695 nm and blue-green 
emission in Eu2+ at 495 nm was observed in the same Sr4Al14O25 host doped with Eu2+ and 
Cr3+ ions together. The blue-green emission was due to the 4f65d1→ 4f7 transition of Eu2+ 
ions in the Sr4Al14O25 host while the red emission in Cr3+ was observed due to energy 
transfer from Eu2+ to Cr3+. As the concentration of Eu2+ and Dy3+ were fixed, the red 
emission intensity in Cr3+ was increased on increasing Cr3+ ions concentrations and attained 
maximum at 4 at%, beyond that it was decreased due to quenching process. Boric acid as 
flux (4 mol%) and proper amount of rare earth metal ions (4 at% Eu2+ and 8 at% Dy3+) 
played important role for the improvement of the photoluminescence characteristics. The 
red phosphorescence decayed much faster than the blue-green phosphorescence. The faster 
decay speed of red phosphorescence in the Cr3+ was due to existence of shallow traps nearby 
Cr3+ ions. The persistent time for blue-green emission was more than 10 h but that of red 
was comparatively very short.  
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A novel Sm3+ doped Sr4Al14O25 phosphor was prepared by solid-state reaction 
method at 1350oC. The phosphor showed orange-red emission consisting of four main 
emission peaks at 560, 595, 640 and 700 nm, respectively. Introduction of H3BO3 as a flux 
significantly increased the emission performance of the phosphor. The fluorescence 
intensity increased by increasing the concentration of H3BO3 up to 4 mol% above that it 
decreased. The phosphor samples were prepared doping 1, 2, 4 and 8 at% Sm3+ ions. The 
emission intensity increased with the Sm3+ concentration up to 2 at% and then decreased, 
that might be due to concentration quenching process. Addition of 2 at% Bi3+ ions increased 
the emission intensity drastically, the increase by Dy3+ was not so pronounced but Nd3+ 
suppressed it. The increased emission intensity of the phosphor by Bi3+ co-doping was 
found to be due to efficient energy transfer to the Sm3+ emission centers. 
Overall, the Sr4Al14O25 phosphor with various emission colors was synthesized by 
incorporating different emission centers or substituting one of the host ions, viz. 
Sr4Al14O25:Eu2+/Dy3+ (blue-green),   Sr4Al14O25:Cr3+/Eu2+/Dy3+ (red and blue-green), 
Sr4Al14O25:Sm3+ (orange-red) and Sr0.8Ca3.2Al14O25:Eu2+/Dy3+ (white). The microstructure 
and the photoluminescence characteristics can be controlled by the methods of synthesis, 
addition of various additives (fluxes, emission centers, charge compensators, rare metal 
ions), composition and quality of starting materials. The phosphor showed bright intensity 
and long persistent time and hence can be used in various display applications, especially 
‘glow in dark items’. 
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